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HE marvelous developments of the present day in the field 
of Civil Engineering, as seen in the extension of railroad 
lines, the improvement of highways and waterways, the 
increasing application of steel and reinforced concrete 
to construction work, the development of water power 
and irrigation projects, etc., have created a distinct necessity 
for an authoritative work of general reference embodying the 
results and methods of the latest engineering achievement. 
The Cyclopedia of Civil Engineering is designed to fill this 
acknowledged need. 

C The aim of the publishers has been to create a work which, 
while adequate to meet al! demands of the technically trained 
expert, will appeal equally to the self-taught practical man, 
who, as a result of the unavoidable conditions of his environ- 
ment, may be denied the advantages of training at a resident 
technical school. The Cyclopedia covers not only the funda- 
mentals that underlie all civil engineering, but their application 
to all types of engineering problems; and, by placing the reader 
in direct contact with the experience of teachers fresh from 
practical work, furnishes him that adjustment to advanced 
modem needs and conditions which is a necessity even to the 
technical graduate. 
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The Cyclopedia of Civil Engineering is a compilation of 
representative Instruction Books of the American School of Cor- 
respondence, and is based upon the method which this school 
has developed and effectively used for many years in teaching 
the principles and practice of engineering in its different j 
branches. The success attained by this institution as a factor! 
in the machinery of modem technical education is in itself the] 
best possible guarantee for the present work. 

C, Therefore, while these volumes are a marked innovation in 
technical literature — representing, as they do, the best ideas and 
methods of a large number of different authors, each an ac- 
knowledged authority in his work — they are by no means an 
experiment, but are in fact based on what long experience has 
demonstrated to be the best method yet devised for the educa- 
tion of the busy workingman. They have been prepared only 
after the most careful study of modem needs as developed 
under conditions of actual practice at engineering headquarters 
and in the field. 

C Grateful acknowledgment is due the corps of authors anttV 
collaborators — engineers of wide practical experience, andl 
teachers of well-recognized ability — without whose co-opera-1 
tion this work would have been impossible. 
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SIMPLE STRESS. 

I. Stress. When forces are applied to a body they tend in a 
greater or less degree to break it. Preventing or tending to pre- 
vent the rupture, there arise, generally, forces between every two 
adjacent parts of the body. Tluis, when a 
load is suspended by means of an iron rod, 
the rod is subjected to a downward pull at 
its lower end and to an upward pull at its 
upper end, and these two forces tend to pull 
it apart. At any cross-section of the rod 
the iron on either side ^'holds fast" to that on 
the other, and these forces which the parts 
of the rod exert upon each other prevent 
the tearing of the rod. For example, in Fig. 
1, let ^ represent the rod and its suspended 
load, 1,000 pounds; then the pull on the 
lower end equals 1,000 pounds. If we neg- 
lect the weight of the rod, the pull on the 
up[)er end is also 1,000 jjounds, as shown in 
Fig. 1 (//j; and the upper ])art A exerts 
on the lower part B an u[)ward pull Q ecjual 
to 1,000 pounds, while the lower part exerts 
on the upper a force P also equal to 1,000 pounds. These two 
forces, P and Q, prevent rupture of the rod at the ''section'* C; at 
any other section there are two forces like P and Q preventing 
rupture at that section. 

By stress at a section of a body is meant the force which the 
part of the body on either side of the section exerts on the other. 
Tlius, the stress at the section (/ (Fig. 1) is P (or Q), and it equals 
1,000 ])ounds. 

a. Stresses are usually expressed (in America) in pounds, 
sometimes in tons. Thus the stress P in the preceding article is 

Copitright, ims, by Anurican school of rorrfsjtond*nce 
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1,000 pounds, or i ton. Xotice that this value has nothing to do 
with the size of the cross-section on which the stress acts. 

3. Kinds of Stress, (a) When the forces acting on a body 
(as a rope or rod) are such that they tend to tear it, the stress at 
any cross-section is called a tension or a tensile stresfi. The 
stresses P and Q, of Fig. 1, are tensile stresses. Stretched ropes, 
loaded "tie rods'' of roofs and bridges, etc., are tinder tensile stress, 
(b.) AVhen the forces acting on a body (as a short post, brick, 

etc.) are such that they tend to 
crush it, the stress at any sec- 
tion at ritrht ancjles to the di- 
rection of the crushincj forces is 
called SL jyressftre or a annprrx. 
}<ire xf/rss. Fig. 2 (f/) repre- 
sents a loaded post, and Fig. 2 
(/>») the upper and lower parts. 
The uj)j>er part presses down on 
]^, and the lower part presses up 
on A, as shown. P or Q is 
tlie compressive stress in the 
]>ost at Si'ction (\ Loaded ]K)sts, 
or struts, ])iers, etc., are under 
compressive stress. 

(c.) AVhrn the forces acting 
on a !>o<ly (as a rivet in a bridge 
joint) are such that they tend to cut or " shear " it across, the stress 
at a section alonj/ which tlicre is a tendency to cut is called a nhe^ir 
or a Hhear'nuj fttiuss. This kind of stress tiikes its name from the 
act of cutting with a ])air of shears. In a material which is being 
cut in this way, the stresses that are beiiiiX *' overcome" are shear- 
ing stresses. Fig. H ('') represents a riveted joint, and Fig. 3 (J) 
two parts of the rivet. The forces applit^l to the joint are such 
that A tends to slide to the left, and 13 to the riglit; then J^ exerts 
on A a force P toward the rio;ht, and A on ]> a force Q toward the 
left as shown. P or Q is the shearing stress in the rivet. 

Tensions, Compressions and Shears are called ,shnj)le stresses, 
"Forces may act upon a body so as to produce a combination of simple 
stresses on some section; such a combination is called a complex 
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stress. The streBses in beams are usually complex. There are other 
terms used to describe stress; they will be defined farther on. 

4* Unit-Stress. It is often necessary to specify not merely 
the amount of the entire stress which acts on an area, bat also the 
amount which acts on each unit of area (square inch for example). 
By unit-stress is meant stress per unit area. 

To find the value of a unit-stress: Divide the whole stress hy 
the whole area of the section on which it actSy or over which it is 
distribvted. Thus, let 

P denote the value of the whole stress, 

A the area on which it acts, and 

S the value of the unit-stress; then 



S=-^, al8oP = AS. 



(I) 



Strictly these formulas apply only when the stress P is uniform, 





Fig. 3. 

that is, when it is uniformly distributed over the area, each sijuare 
inch for example sustaining the same amount of stress. AVhen 
the stress is not uniform, that is, when the stresses on different 
square inches are not ecjual, then P^-A equals the avanKje value 
of the unit-stress. 

5. Unit-stresses are usually expressed (in America) in 
])ounds j)er square inch, sometimes in tons j)er square inch. If 
P and A in eijuation 1 are expressed in pounds and square 
inches respectively, then S will be in })Ounds per scjuare inch; and 
if P and A are expressed in tons and square inches, S wiJl ]>e in 
tons per square inch. 

Examphs. 1. Suppose that the rod sustaining the load in 
Fig. 1 is 2 square inches in cross- section, and that the load weighs 
IXKK) pounds. What is the value of the unit-streas ? 
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Here P = 1,000 pounds, A - 2 squaro inolu's; Lence. 

o liOOO ^^ 

S = ---j — ==-- 500 pounds jyer square inch. 

2, Suppose that the rod is one-half square inch in cross-sec- 
tion. What is the value of the unit-stress ? 

A = -r,-square inch, and, as before, P= 1,000 pounds; hence 

S = l,000-r--;j- =-: 2,000 pouuds per square inch. 

Notice that one must always divide the whole stress by the area to ^t 
the unit-stress, whether the area is greater ur loss than one. 

6, Deformation. AVhanever forces are applied to a body it 
changes in size, and usually in 8haj)e also. This change of size 
and shape is called deformation. Deformations are usually meas- 
un»d in inches; thus, if a rod is stretched 2 inches, the "elonga- 
tion"= 2 inches. 

7, Unit-Deformation. It is sometimes necessary to sjiecify 
not merely the value of a total deformation but its amount ])er 
unit length of the deformed hody. Deformation per unit length 
of the deformed body is called unit-deformation. 

To find the value of a unit-deformation: iJlvule the ichole 
Je formation ly the length over wh!eh it is iVtstrllmted. Thus, if 

D denotes the value of a deformation, 
I the length, 
8 the unit-deformation, then 

8=^' J- J also D=^/.v. (3) 

J^oth D and I should always be expressed in the same unit. 

Kvuiai)le. Supjx>se that a 4-foot rod is t^Iongated A inch, 
AVTiat is the value of the unit-deformation? 

Hero D=J inch, and /=-=4: feet =48 inches; 
hence s^^\--^^^-^^ inch per inch. 
That is, each inch \3 elongated ^}^ inch. 

IJnit-elon^tions are sometimes expressed in }>er cent. To 
express a^ elongation in jx*r cent: iJlv'ule the elomjatltm in- intlux 
iy th^i oriyinal length in, inrheSyinifl tnultijAy hy 100 . 

8, Elasticity. Most solid bodies when deformed will regain 
more or less completely their natural size and sliape when the de- 
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forming forces ceaee to act. This property of regaining size and 
8ba{)e is called elasticity. 

We may classify bodies into kinds depending on the degree 
of elasticity which they have, thus: 

1. Perfectly elastic bodies; these will regain their orig- 
inal form and size no matter how large the applied forces are if 
less than breaking values. Strictly there are no such materials, 
but nibber, practically, is perfectly elastic. 

2. Impeyfectly elastic bodies; these will fully regain their 
original form and size if the applied forces are not too large, and 
practically even if the loads are large but less than the breaking 
value. Most of the constructive materials belong to this class. 

3. Inelastic or plastic bodies; these will not regain in the 
least their original form when the applied forces cease to act. C-lay 
and putty are good examples of this class. 

9. Hooke's Law, and Elastic Limit. If a gradually increas- 
ing force is applied to a ])erfectly elastic material, the deformation 
increases proportionally to the force; that is, if P and P' denote 
two values of the force (or stress), and D and D' the values of the 
deformation produced by the force, 

thenP:F::D:D'. 

This relation is also true for imj)erfectly elastic materials, 
provided that the loads P and P' do not exceed a certain limit de|)end- 
ing on the material. Beyond this limit, the deformation increases 
much faster than the load; that is, if within the limit an addition 
of 1,000 pounds to the load produces a stretch of 0.01 inch, beyond 
the limit an equal addition produces a stretch larger and usually 
much larger than 0.01 inch. 

Beyond this limit of ])roportiouality a j)art of the deformation 
is permanent; that is, if the load is removed the body only partially 
recovers its form and size. The permanent part of a deformation 
is called set. 

The fact that for most materials the deformation is propor- 
tional to the load within certain limits, is known as Ilooke's I^w. 
The unit-stress within which IFooke's law holds, or above which 
the deformation is not j)roj)ortional to the load or stress, is called 
elastic limit. 
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10. Ultimate Strength. By ultimate tensile, compressive, 
or shearing strength of a material is meant tlie greatest tensile, 
compressive, or .shearing unit-stress which it can withstand. 

As before mentioned, when a material is subjected to an in- 
creasing load the deformation increases faster than the load beyond 
the elastic limit, and much faster near the stuge of rupture. Not 
only do tension bars and compression blocks elongate and shorten 
respectively, but their cross- sectional areas change also; tension 
bars thin down and compression blocks '*swell out" more or less. 
Tlie value of the ultimate strength for any material is ascertained 
by subjecting a Bj)ecimen to a gradually increasing tensile, com- 
pressive, or shearing stress, as the case may be, until rupture oc- 
curs, and measuring the greatest load. The hnaJcimj load divldcJ 
hij tlm area of the onghntl crot<s -sect ion sustainiiKj the stresff^ w the 
vnluo of the vltuiuite Btremjth, 

K,ronijili\ Suppose that in a tension test of a wrought-iron 
hkI J inch in diameter the greatest load was 12,540 |)ounds. AVhat 
is the value of the ultimate strength of that grade of wrought iron? 

The oritrinal area of the cross-section of the rod was 
0.7X5-4 (diameter )-=:0.7So4xJ=0.1fH>4 square inches; hence 
the ultimate strength equals 

It2,o40-j-0.in()4- <)i5,850 ])ounds per square inch. 

11. Stress-Deformation Diagram. A '*test" to determine 
the elastic limit, ultimate strength, and other information in re- 
gard to a material is conducted by ajiplying a gradually increasing 
load until the 8[)ecini(Mi is broken, and noting the deformation cor- 
responding to many values of tlie load. The first and second col- 
umns of the following table are a record of a tension test on a steel 
rod one inch in diameter. The numbers in the first column are 
the values of the pull, or the loads, at which the elongation of 
the8j)ecimen was measured. The elongations are given in the sec- 
ond column. Tlie numbers in the third alid fourth columns are 
the values of the unit-stress and unit-elongation corresponding to 
the values of the load opj)Osite to them. The numbers in the 
third column were obtaineil from those in the first by dividing 
the latter by the area of the cross -se(^t ion of the rod, 0.7854 
square inches. Thus, 

3,930 -^0.7854 =-5,000 
7,850-5-0.7854=10,000, etc. 
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1 


Total Pull 
in iMunds, P 


Deformation 
in inches, D 


Unit-Stress in 

pounds per 
square inch, S 


Unit-, 
Deformation, 


3930 


0.00136 


5000 


0.00017 


7850 


.00280 


10000 


.00035 


11780 


.00404 


150a) 


.00050 


15710 


.00538 


20000 


.00067 


19635 


.00672 


25000 


.00084 


23560 


.00806 


30000 


.00101 


27490 


.00942 


35000 ^ 


.00118 


31415 


.01080 


40000 


.00135 


35345 


.01221 


45000 


.00153 


39270 


.0144 


50000 


.00180 


43200 


.0800 


55000 


.0100 


47125 


.1622 


60000 


.0202 


51050 


.201 


65000 


.0251 


54980 


.281 


70000 


.0351 


58910 


.384 


75000 


.048 


62832 


.560 


80000 


.070 


65200 


1.600 


83000 


.200 



The numbers in the fourth cohinin were obtained by dividing 
those in the second by the length of the specimen (or rather the 
length of that jmrt whose elongation was measured), 8 inches. 
Thns, 

0.00186-:-8 = 0.00017, 
.00280-f-8 = .00035, etc. 

Looking at the first two columns it wmII l)e seen that the elonga- 
tions are practically proportional to the loads up to the ninth load, 
the increase of stretch for each increase in load beinjj almut O.OOlBo 
inch; but beyond the ninth load the increases of stretch are much 
greater. Hence the elastic limit was reached at about the ninth 
load, and its value is about 45,000 pounds per scjuare inch. The 
greatest load was 65,200 pounds, and tlie corresj)onding unit-stress, 
83,000 pounds j)er square inch, is the ultimate strength. 

Nearly all the information revealed by such a test can be 
well represented in a diagram called a st ress-dtfo nnatlo to dUujnnn, 
It is made as follows: Lay off the values of the unit-deformation 
(fourth column) along a horizontal line, according to some con- 
venient scale, from some fixed point in the line. At the points on 
the horizontal line representing the various unit-elongations, lay 
off perpendicular distances equal to the corresponding unit-stresses. 
Then connect by a smooth curve the upper ends of all those dis- 
tances, last distances laid off. Thus^ for instance, the highest unit- 
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elongation (0.20) laid off from o (Fig. 4) fixes tho point a^ and a 
perpendicular distance to represent the highest unit- stress (83,000) 
fixes the point J. All the j)oints so laid off give the curve oclj. The 
])art oc^ within the elastic limit, is straight and nearly vertical 
while the remainder is curved and more or less horizontal, especially 
toward the point of rupture i. Fig. 5 is a tyj)ical stress-defor- 
mation diagram for timber, cast iron, wrought iron, soft and hard 
steel, in tension and compression. 

13. Workin£^ Stress and Strength, and Factor of Safety. 
The greatest unit-stress in any jiart of a structure when it is sus- 

taininir its loads is called the 
v:orJklng stretts of that part. If 
it is under tension, comj)ressi<)ii 
and shearing stresses, then tlu^ 
corresponding highest unit- 
stresses in it are called its work- 
ing stress in tension, in com- 
])re8sion, and in shear respect- 
ively; that is, we speak of as 
many workincr stresses as it has 
kinds of stress. 

]^y 'Working stniKfth of a material to be used fur a ciTtain 
pur])08e is meant the highest unit-stress to which the inaterial 
ought to be subjected when so used. Each material has a working 
strength for tension, foV compression, and for sliear, and they are in 
cjeneral different. 

Hy^ffirfor ((f iiOp:t\j is meant the ratio of the ultimate strength 
of a material to its working stress or strength. Thus, if 
Su denotes ultimate strength, 
S^y denotes working stress or strength, and 
/* denotes factor of safety, then 

/:^|i.;al8oS. = |r. (3) 

When a structure which has to stand certain loads is about 
to be designed, it is necessary to select working strengths or fac- 
tors of safety for the materials to bo ustnl. Often the st^lection is 
a matter of great im[)()rtanci% and can be wisely p<^r formed only 
by an experienced engineer, for this is a matter where hard-and- 




Fig. 4. 
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fast rules should not govern but rather the judgment of the ex[>ert. 
But there are certain principles to he used as guides in making a 
selection, cMe( among which are: 

1. The working strength should be considerably below the 
elastic limit. (Then the deformations will be small and not per- 
manent.) 
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Fig. 5. {After Johnson.) 

2, Tlie working strength t^honld be smaller for parts of a 
slnit'ture sustaining varjing loads than for Ihose whose loads are 
steady. (Actual experiments have discloswl the fact that the 
strength of as{>eciriien de[>end!> on the kind of load jmt upon it. 
and that in a geueral way it is less the U'ss steady t!ie load is.) 

3. Tlie working strength ninat be taken low for non-uniform 
material, where poor workmanship may be expected, when the 
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loads are uncertain, etc. PrineipleH 1 and 2 Lave been reduced 
to figures or formulas for many particular cases, but the third must 
remain a subject for display of judgment, and even good guessing 
in many cases. 

Tlie following is a table of factors of safety *^ which will be 
used in the problems: 

Factors off Safety. 



Materials. 


For steady 

stress. 
(Bnildinf^.) 


For varying 

stress. 
(Bridges.) 


For shocks. 
(Machines.) 


Timber 

Brick aud Htone 
Cast iron 
Wrought iron 
Stoel 


8 
15 
♦J 
i 
5 


10 
25 
35 

7 


15 
30 
20 
10 
15 



They must be regarded as avemge valncs and are not to be 
adopted in every cyise in practice. 

Exivinjylen. 1. A wrought-iron rod 1 inch in diameter sus- 
tains a load of 30,000 j>ounds. What Is its working stress^ If 
its ultimate strength is 50,000 j)OUnds j)er scjuare inch, what is 
its factor of safety ? 

The area of the cross-section of the rod equals 0.7854 X (diam - 
eter)-:i=^0.7854 X 1"=0.7854- square inches. Since the whole stress 
on the cross-section is 30,000 pounds, equation 1 gives for the 
unit working stress 

S == crk^fA ^^ '^^)1'^7 ])Ounds ]>er s<|uare inch. 

Equation 3 giv^es for factor of safety 

50,000 



/ 



=: 1.3 



"38,107 

2. J[ow large a steel bar or rcnl is needed to sustain a steady 
pull of 100,000 pounds if the ultimate strength of the material is 
05,000 pounds if 

The load being steady, we use a factor of safety of 5 (see table 
above); hence the working strength to be used (see equation 3) is 

65,000 



S-- 



= 13,000 pounds per square inch. 



The proper area of the cross -section of the rod CAn now be com- 
puted from equation 1 thus: 

♦Taken from Merriman's "Mechanics of Materials. ' 
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P 100,000 ,_^ . , 

A = K-= ^o r^^ = i-o\)z square inches. 

A bar 2x4 inches in cross-section would be a little stronger 
than necessary. To find the diameter (rf) of a round rod of suffi- 
cient strength, we write 0.7854 fP = 7.692, and solve the equation 
ford/ thus: 

7.692 

d^= n'r^oKA = 9.794, or rf = 3129 inches. 
0.7854 ' 

8. How large a steady load can a short timber post safely sus- 
tain if it is 10x10 inches in cross-section and its ultiluate com. 
pressive strength is 10,000 pounds per square inch ? 

According to the table (pag© 12) the proper factor of safety is 
8, and hence the working strength according to equation 3 is 

^ 10,000 , ^^^ 

S= — 7c — = l,2o0 pounds per square inch. 

Tb«^ area of the cross-section is 100 square inches; hence the safe 
load (see equation 1) is 

• P = 100 X 1,250 = 125,000 pounds. 

4. When a hole is punched through a jjate the shearing 
strength of the material has to be overcome. If the ultimate shear- 
ing strength is 50,000 pounds per square inch, the thickness of the 
])late i inch, and the diameter of the hole | inch, what is the value 
of the force to be overcome ? 

The area shorn is that of the cylindrical surface of the hole 
or the metal punched out; that is 

3.1416 X diameter X thickness -- 3.1416 X ^ X i = 1.178 8(j. in. 
Hence, by equation 1, the total shearing strength or resistance 
to punching is 

P =-= 1.178 X 50,000-- 58,900 pounds. 

STRENGTH OF MATERIALS UNDER SIMPLE STRESS. 

i3. Materials in Tension. Practically the only materials 
used extensively under tension are timber, wrought iron and steel, 
and to some extent cast iron. 

14* Timber. A successful tension test of wood is difficult, 
as the specimen usually crushes at the ends when held in the test- 
ing machine, splits, or fails otherwise than as desired, llence the 
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tensile strengths of woods are not well known, but the following 
may be taken as approximate average values of the ultimate 
strengths of the woods named, when "dry out of doors." 

Hemlock, 7,000 pounds per square inch. 

White pine, 8,000 " 

Yellow pine, long leaf, 12,000 " " 

" «» , short leaf, 10,000 " " 

Douglas spruce, 10,000 " " 

White oak, 12,000 " " 

Red oak, 9,000 " " 

15. Wrought Iron. The process of the manufacture of 
wrought iron gives it a "grain," and its tensile strengths along and 
ttcross the grain are unequal, the latter being about three-fourths 
\>t the former. The ultimate tensile strength of wrought iron 
along the grain varies from 45,000 to 55,000 pounds per square 
inch. Strength along the grain is meant when not otherwise 
stated. 

The strength dej)ends on the size of the piece, it being greater 
for small than for large rods or bars, and also for thin than for 
thick plates. The elastic limit varies from 25,000 to 40,000 
[)ounds per square inch, depending on the size of the bar or plate 
even more than the ultimate strength. AVrought iron is verv 
ductile, a specimen tested in tension to destruction elongating from 
5 to 25 ])er cent of its length. 

16. Steel. Steel has more or less of a grain but is practically 
of the same strength in all directions. To suit different purposes, 
steel is made of various grades, chief among which may be men- 
tioned rivet steel, sheet steel (for boilers), medium steel (for 
bridges and buildings), rail steel, tool and spring steel. In general, 
these grades of steel are hard and strong in the order named, the 
ultimate tensile strength ranging from about 50,000 to 100,000 
])ounds per square inch. 

There are several grades of structural steel, which may be 

described as follows:* 

1. Kivet steel: 

Ultimate tensile strength, 48,000 to 58,000 pounds per square inch. 
Elastic limit, not less than one half the ultimate strength. 
Elongation, 20 j>er cent. 
Bends 180 degrees Hat on itself without fracture. 

♦Taken from " Manufacturer's Standard Specifications." 
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2. Soft steel: 

Ultimate tensile strength, 52,000 to 62,000 pounds per square inch. 
Elastic limit, not less than one-half the ultimate strength. 
Elongation, 25 ])er cent. 
Bends 180 degrees flat on itself. 

i\. Medium steel: 

Ultimate tensile strength, 60,000 to 70,000 pounds per square inch. 
Elastic limit, not less than one-half the ultimate strength. 
Elongation, 22 per cent. 

Bends 180 degrees to a diameter ec^ual to the thickness of the 
specimen without fracture. 

17. Cast Iron. As in the case of steel, there are many 
grades of cast iron. The grades are not the same for all localities 
or districts, but they are based on the appearance of the fractures, 
which vary from coarse dark grey to fine silvery white. 

The ultimate tensile strength does not vary uniformly with 
the grades but depends for the most part on the percentage of 
^'combined carbon" present in the iron. This strength varies from 
15,(X)0 to 35,000 pounds per square inch, 20,000 being a fair 
average. 

(-ast iron has no well-defined elastic limit (see curve for cast 
iron, Fig. 5). Its ultimate elongation is about one per cent. 

EXAMPLES FOR PRACTICE. 

1. A steel wire is one-eighth inch in diameter, and the ulti- 
mate tensile strength of the material is 150,000 pounds j)er squart^ 
inch. How large is its breaking load ? Ans. 1,840 j)Ouiids. 

2. A wroutrht-iron rod (ultimato tensile streiijrtli 50,000 
pounds ])er square inch) is 2 inches in diameter. How large a 
steady pull can it safely l)ear i Ans. 31), 270 pounds. 

18. Materials in Compression^ Fnlike the tensile, the 
compressive strength of a specimen or structural part depends on 
its dimension in the direction in which the load is applied, for, 
in compression, a long bar or rod is weaker than a short one. At 
present we refer only to the strength of short pieces such as do 
not bend under the load, tlie lont/er ones (columns) beinir dis- 
cusst*d farther on. 

Different materials break or fail under compression, in two 
very different w^ays: 

1. Ductile materials (structural steel, wrought iron, etc.), 
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and wockI eouipreBsed across tlie grain, do not fail hy breaking into 
two distinct parts as in tension, but the former bulge out and 
flatten under great loads, while wood splits and mashes down. 
There is no jmrticular jK)int or instant of failure under increasing 
loads, and such materials have no definite ultimate strength in 
compression. 

2. Brittle materials (brick, stone, hard steel, cast iron, etc.), 
and wood compressed along the grain, do not mash gradually, but 
fail suddenly and have a definite ultimate strength in compression. 
Although the surfaces of fracture are always much inclined to the 
direction in which the load is applied (about 45 degrees), the ulti- 
mate strength is computed by dividing the total breaking load by 
the cross-sectional area of the specimen. 

The princijml materials used under compression in structural 
work are timber, wrought iron, steel, cast iron, brick and stone. 

19. Timber. As before noteil, timber has no definite ulti- 
mate compressive strength across the grain. The U. S. Forestry 
Division has adopted certain amounts of compressive defomuftion 
as marking stages of failure. Tliree per cent compression is 
ret'arded as "a working limit allowable,'' and fifteen per cent as 
"an extreme limit, or as failure." Tlie following (except the first) 
are valuers for compressive strength from the Forestry Division 
lie|)orts, all in ])ounds j>er square inch: 

UltimaiA streuffth 7K Compression 
al<»DK the t^rHJii. nrross the ffrnin 

Hemlock 6,000 

White pine 5,4a) 700 

Tjong-leaf yellow pine 8,000 1,260 

Short leaf yellow jnne (5,500 1,050 

Douglas spruce 5,700 800 

White oak 8,500 2,200 

\\ah\ oak 7,2J)0 2,300 

30. Wrought Iron. The elastic limit of wrought iron, as be- 
fore noted, depends very much U})on the size of the bars or plate, it 
lieing greater for small bars and thin j)lates. Its value for com- 
pression is practically the same as for tension, 25,000 to 40,000 
pounds ])er square inch. 

21. Steel. Tlie hard steels have the highest compressiye 
strength; there is a re<»orded value of nearly 400,000 pounds per 
square inch, but 150,000 is probably a fair average. 
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The elastic limit in compression is practically the same as in 

tension, which is about 60 per cent of the ultimate tensile strength, 

or, for structural steel, about 25,000 to 42,000 pounds per square 

inch. 

33. Cast Iron. This is a very strong material in compres- 

sion, in which way, principally, it is used structurally. Its ulti- 
mate strength depends much on the proportion of "combined car- 
bon" and silicon present, and varies from 50,000 to 200,000 pounds 
per square inch, 90,000 being a fair average. As in tension, 
there is no well-defined elastic limit in compression (see curve for 
cast iron, Fig. 5). 

33. Brick. Tlie ultimate strengths are as various as the 
kinds and makes of brick. For soft brick, the ultimate strength 
is as low as 500 pounds per square inch, and for pressed brick it 
varies from 4,000 to 20,000 pounds per square inch, 8,000 to 
10,000 being a fair average. The ultimate strength of good pav- 
ing brick is still higher, its average value being from 12,000 to 
15,000 pounds per square inch. 

34« Stone. Sandstone, limestone and granite are the 
principal building stones. Their ultimate strengths in })Ounda 
j)er square inch are about as follows: 

Sandstone ,♦ 5,000 to 16,000, average 8,000. 
Limestone,* 8,000 ** 16,000, " 10,000. 
Granite, 14,000 " 24,000, « 16,000. 
•Compression at right angles to the "l^ed" of the stone. 

EXAMPLES FOR PRACTICE. 

1. A limestone 12x12 inches on its bed is used as a pier 
cap, and l)ears a load of 120,000 j)oundrt. What is its factor of 
safety ? Ans. 12. 

2. How large a post (short) is needed to sustain a steady 
load of 100,000 pounds if the ultimate compressive strength of 
the wood is 10,000 pounds per square inch ? Ans. 10 X 10 inches. 

35. Materials in Shear. The principal materials used under 
shearing stress are timber, wrought iron, steel and cast iron. 
Partly on account of tlie difficulty of determining shearing 
strengths, these are not well known. 

26. Timber. The ultimate slieariiicr Htrentrths of the more 
important woods ttlony the grain are about as follows: 
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Hemlock, SOCT pou 
White pine, 400 
Long-leaf yellow ])ine, 850 
Short-leaf " " 775 
Douglas spruce, 500 
White oak, 1,000 
Red oak, 1,100 

Wood rarely fails by shearing aci 
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Fig. a. FiK. 6 b, 

shearing strength in that dire<*tion is probably four or five times 
the values above given. 

27. Metals. The ultimate shearintr strenjrth of wroucfht 
iron, steel, and east iron is a])out SO j)er cent of tlieir reH|)ective 
ultimate tensile strengths. 

EXAMPLES FOR PRACTICE. 

1. ITovv large a pressure P (Fig. ff) exerte<l on the sliaded 
area can the timber stand before it will shear off on the surfmv 
ahnl^ if a7j -= fi inches and ?}f) = 10 inches, and the ultimate shear- 
ing strength of the timber is 400 pounds j)er square inch 'i 

Ans. 24,()00 pouiuls. 

2. AVhen a bolt is under tension, there is a tendency to tear 
the bolt and to '-strip" or shear off the head. Tlie shorn area 
would be the surface of the cylindrical hole left in the head. 
Compute the tensile and shearing unit-stresses when P (Fig. G //) 
eijuals 80,000 ]K)unds, (1 = 2 inches, and t ^^S inches. 

\ Tensile unit-stress, 0,550 pounds per square inch. 
I Shearing unit-stress, 1,505 |)Ound8 per square inch. 

REACTIONS OF SUPPORTS. 

28. Moment of a Force. By moment of a force with re- 
Bjject to a point is meant its tendency to produce rotation alxmt 
that jx)int. Evidently the tendency depends on the magnitude of 
the force and on the perpendicular distance of the line of action 
of the force from the ])<)int : the greater the force and the per- 
pendicular distance, the greater the tendency; hence t/tt^ woment 
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of a force with respect to a point equals the product of the force 
and the pt:rpev4licuhir distance f mill the force to the point. 

The point with respect to which the moment of one or more 
forces is taken is called an origin or center of Dioments^ and the 
j)erpendicular distance from an origin of moments to the line of 
action of a force is called the arrn, of the force with respect to 
that origin. Thus, if Fj and Y^ (J^^K- ") are forces, their arms 
with respect to O' are a^ and a I respectively, and their moments 
are F//'j and F/f'.^. With respect to ()" their arms are ^//' and a^' 
respectively, and their moments are F//," and F/r,". 

If the force is expressed in pounds and its arm in feet, the 
moment is in foot-pounds; if the force is in pounds and the arm 
in inches, the moment is in inch-pounds. 

29. A sign is given to the moment of a force for conven- 
ience; the rule used herein is as follows: The movient of a 
force about a point is positive or negative according as It tenuis 
t(f turn the hody ahout that j>^>lf^t in the clochwlse or counter * 
cloclkinlse direct lo n * . 
Thus the moment (Fig. 7) 

of F, about O' is negative, about O" positive; 

, about ()" negative. 
In general, a single force of 



« F, '' O' '< 



30. Principle of Moments. 

pn)f)er magnitude and line of ac- 
tion can balance any number of 
forces. That single force is called 
the ifiulllhrant of the forces, and 
the sinirle force that would balance 
the e(juilibrant is called the rtsnlt- 
a lit of the forces. Or, otherwise 
stated, the resultant of any nuni- 
l)er of forces is a force which pro- 
duces the same effect. It can be 
j)roved that — The algehralc sum 
(f the moments <f any nuinher 
(f forces with respect to a pointy 
tquaJs the moment of the If re- 
Hultant ahout that point. 

•By clockwise direction is meant that in which the hands of a clock 
rotate; and by counter-clockwiae. the opposite direction. 
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This is a useful principle and is called "principle of moments. 
31. All the forces acting upon a body which is at rest are 

said to be balanced or in equilthT'^ium. No force is required to 
balance such forces and hence their equilibrant and resultant are 
zero. 

Since their resultant is zero, the algehraic sum of the viom- 
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enta of any number of forces which are balarwed or in equllih- 
jntim eqvuls zero. 

This is known as the principle of moments for forces in 
equilibrium; for brevity we shall call it also "the principle of 
moments." 

The principle is easily verified in a simple case. Thus, let 
AB (Fig. 8) be a beam resting on supports at C and F. It is 
evident from the symmetrj' of the loading that each reaction 
equals one-half of the whole load, that is, ^ of 6,000^=3,000 
pounds. (We neglect the weight of the beam for simplicity.) 

With respect to C, for example, the moments of the forces 
are, taking them in order from the left: 

—1,000 X 4 = — 4,000 foot-pounds 

3,000 X 0= 

2,000 X 2= 4,000 

2,000 X 14 = 28,000 
—3,000X16 = — 48,000 

1,000 X 20 = 20,000 

The algebraic sum of these moments is seen to equal zero. 

Again, with respect to B the moments are: 

— 1,000 X 24 r= — 24,aX) foot-pounds 

3,000 X 20 = 60,0(X) 
—2,000 X 18 = — 36,a)0 

— 2,000 X 6 = — r2,oa) 

3,000 X 4= i2,oaj 
1,000 X 0= " 

Thn sum of these moments also equals zero. In fact, no matter 
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where the center of moments is taken, it will be found in this and 
any other balanced system of forces that the algebraic sum of their 
moments equals zero. The chief use that we shall make of this 
principle is in finding the supporting forces of loaded beams. 

32. Kinds of Beams. A cantilever heam is one resting on 
one support or fixed at one end, as in a wall, the other end being 
free. 

A simj)le heam is one resting on two supports. 

A reMrained heain is one fixed at both ends; a beam fixed at 
one end and resting on a support at the other is said to be re- 
strained at the fixed end and simply supported at the other. 

A continuous heam is one resting on more than two suj)ports. 

33. Determination of Reactions on Beams. The forces which 
the supports exert on a beam, that is, the "supporting forces," are 
called reactions. We shall deal chiefly with simple beams. The 
reaction on a cantilever l)eam supported at one point evidently 
equals the total load on the beam. 

When the loads on a horizontal beam are all vertical (and 
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this is the usual case), the supporting forces are also vertical and 
the sHiiL of the reactunts eqaals the sani of the loinls. This ])rin- 
ciple is sometimes useful in determining reactions, but in the case 
of simple beams the principle of moments is sufticient. The gen- 
eral method of determinintj reactions is as follows: 

1. Write out two ecjuations of moments for all the forces 
(loads and reactions) acting on the beam with origins of moments 
at the supports. 

2. Solve the ecjuations for the reactions. 

3. As a check, try if the sum of the reactions equals the 
sum of the loads. 

Ej^ainples. 1. Fig. represents a beam supported at its 
ends and sustaining three loads. We wish to find the reactions 
due to these loads. 
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Let the reactions be denoted by 11^ and R^ as shown ; then 
the moment equations are: 
For origin at A, 

1,000 X 1 + 2,000 X B + 3,000 X 8— R^ X 10 = 0. 
For origin at E, 



oolbs. 36oo1to5. leoolbft. 



h-a'-H 6' 

B 



Fig. 10. 



•.-I* 




R, X 10—1,000 X 9—2,000 X 4—3,000 X 2 = 0. 
The first equation reduces to 

10 R, = 1,000+12,000+24,000 = 37,000; or 
R^— 3,700 pounds. 
The second equation reduces to 

10 R = 9,000+8,000+6,000 = 23,000; or 
R,= 2,300 pounds. 
The sum of the loads is 6,000 pounds and the sum of the reactiooB . 
is the same; hence the computation is correct. ^ 

2. Fig. 10 represents a beam supported at B and I) (that is, 
it has overhanging ends) and sustaining three loads as shown. We 
wish to determine the reactions due to the loads. 

I^t Rj and R.^ denote the reactions as shown ; then the moment 
equations are: 
For origin at B, 

-2,100x2+0+3,600x6— R,xl4+l,600xl8 -- 0. 
For origin at D, 

-2,100xl6 + R,Xl4— 3,600X8+0+I,r)00x4 = 0. 
The first equation reduces to 

14 R,= -4,200 + 21,600+28,800 =^ 4(),200; or 
R^ — - 8,300 pounds. 
The second equation reduces to 

14 R = 33,600 + 28,800-0,400 =- 56,000; or 
Rj--:= 4,000 pounds. 
The sum of the loads equals 7,300 pounds and the sum of the 
reactions is the same; hence the computation checks. 

3. What are the total reactions in example 1 if the beam 
weighs 400 pounds 9 
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(1.) Since we already know the reactions due to the loads 
(2,30() and 3,700 pounds at the left and right ends respectively 
(see illustration 1 above), we need only to compute the reactions 
due to the weight of the beam and add. Evidently the reactions 
due to the weight equal 200 pounds each; hence the 

left reaction =2,300+200=2,500 pounds, and the 
right " =3,700+200=3,900 « . 

(2.) Or, we might compute the reactions due to the loads 
and weight of the beam together and directly. In figuring the 
moment due to the weight of the l>eam, we imagine the weight 
as concentrated at the middle of the beam; then its moments with 
respect to the left and right supports are (400 X 5) and — (400 X 5) 
respectively. The moment equations for origins at A and E are 
like those of illustration 1 except that they contain one more 
term, the moment due to the weight; thus they are respectively: 

1,000 X 1 + 2,000 X 6 + 3,000 X 8— R, X 10 + 400 X 5 =0, 

Rj X 10—1,000 X 9—2,000 X 4—3,000 X 2—400 X 5 =0. 
The first one reduces to 

10 R,= 39,000, or R„ = 3,900 pounds; 

and the second to 

10 R,= 25,000, or R,= 2,500 pounds. 

4. What are the total reactions in example 2 if the beam 
weighs 42 pounds per foot ? 

As in example 3, we might compute the reactions due to the 
weight and then add them to the corresponding reactions due to 
the loads (already found in example 2), but we shall determine 
the total reactions due to load and weight directly. 

The l)eam l>eing 20 feet long, its weight is 42 X 20, or 840 
pounds. Since the middle of the beam is 8 feet from the left and 
6 feet from the right supj)ort, the moments of the weight with 
respect to the left and right supports are respectively: 

840X8 = 0,720, and— 840x0 --^. —5,040 foot-pounds. 

The moment equations for all the forces applied to the beam 
for origins at B and 1) are like those in example 2, with an addi- 
tional term, the moment of the weight; they are resj)ectively: 
— 2,100x2+0+3,600x6— R2Xl4 + l,0OOx 18 + 0,720^=0, 
— 2,100 XlO + RjX 14— 3,600x8 + + 1,600x4— 5,040 = 0, 
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The first equation reduces to 

14 R, =-52,920, or R, -==3,780 pounds, 
and the second to 

14 R,= 61,040, or R,== 4,360 pounds. 

The sum of the loads and weight of beam is 8,140 pounds; 

and since tlie sum of the reactions is the same, the computation 

checks. 

EXAMPLES FOR PRACTICE. 

1. AH (Fig. 11) represents a simple beam supjwrted at its 

ends. Compute the reactions, neglecting the weight of the beam. 

. \ Right reaction = 1,443.75 pounds. 
i Left reaction = l,55r).25 pounds. 
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2. Solve example 1 taking into account the weight of the 

beam, which suppose to be 400 pounds. 

* ^ ( Right reaction ^^ 1,643.75 ])Ounds. 
I Left reaction = 1,756.25 })Ounds. 

3. Fig. 12 represents a simple beam weighing 800 ])ounds 

supported at A and R, and sustaining three loads as shown. 

What are the reactions 'i 

A ^ < Right reaction :^ 2,014.28 pounds. 
/ J>eft reaction - -i 4,785.72 pounds. 
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4. Suppose that in example 3 the beam also sustains a uni- 
formly distributed load (as a floor) over its entire length, of 500 
]K)unds per foot. C\)mpute the reactions due to all the loads and 
the weight of the beam. 

^ ( Right reaction z-^ 4,871.43 pounds. 
"^' ( Left reaction = 11,928.57 pounds. 
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EXTERNAL SHEAR AND BENDING MOMENT. 

On almost every cross-section of a loaded beam there are 
three kinds of stress, namely tension, compression and shear. The 
first two are often called Jihre stresses because they act along the 
real fibres of a wooden beam or the imaginary ones of which we 
may su[)[)08e iron and steel beams comj)osed. Before taking up 
the subject of these stresses in beams it is desirable to study certain 
(|uantitie8 relating to the loads, and on which the stresses in a 
l>eam depend. These quantities are called exteriud shear and 
bending ntoment^ and will now be discussed. 

34. External Shear. By external shear at (or for) any sec- 
tion of a loaded beam is meant the algebraic sum of all the loads 
(^including weight of beam) and reactions on either side oi the 
section. Tliis sum is called external shear because, as is shown 
later, it equals the shearing stress (internal) at the section. For 
brevity, we shall often say simply ''shear" when external shear is 
meant. 

35. Rule of Signs. In computing external shears, it is cus- 
tomary to give the plus sign to the reactions and the minus sign 
to the loads. But in order to get the same sign for the external 
shear whether comj)uted from the right or left, we change the sujn> 
of the sum when computed from the loads and reactions to the 
right. Thus for section a of the beam in Y'\g, 8 the algebraic sum is, 
when computed from the left, 

- 1 ,000 -f 3,000 -- . + 2,( )00 pounds ; 
and when computed from the right, 

- 1,000 + 3,000-2,000-2,000.-: -2,000 pounds. 
The external shear at section a is -f 2,000 pounds. 

Again, for section h the algebraic sum is, 
when computed from the left, 

- 1,000 1-3,000-2,000-2,000 + 3,000 =1-1,000 pounds; 
and when computed from the right, -1,000 pounds. 

The external shear at the section is +1,0(K) pounds. 

It is usually convenient to compute the shear at a section 
from the forces to the right or left according as there are fewer 
forces (loads and reactions) on the right or left sides of the 
i^ectioQ. 
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36. Units for Shears. It is customary to express external 
shears in pounds, but any other unit for exj)ressing force and 
weight (as the ton) may be used. 

37, Notation. We sliall use V to stand for external shear at 
any section, and the shear at a particular section will be denoted 
by that letter subscripted; thus Y,, V,, etc., stand for the shears 
at sections one, two, etc., feet from the left end of a beam. 

The shear has different values just to the left and right of a 
support or concentrated load. ^Xe shall denote such values ])y V 
and V": thus V/ and V/' denote the values of the shear at sec- 

J %i o 

tions a little less and a little more than 5 feet from the left end 
re8j)ectively. 

^iTfftnjdt'S. 1. Compute the shears for sections one foot 
apart in the beam represented in Fig. 9, neglecting the weight ol 
the beam. (The right and left reactions are 3,700 and 2,300 
pounds respectively; see exam])le 1, Art. 33.) 

All the following values of the shear are computed from the 
left. The shear just to the right of the left support is denoted by 
V;', and V;'-- 2,300 i)ounds. The shear just to the left of B is 
denoted by Y,', and since the only force to the left of the section 
is the left reaction, A','--- 2,300 pounds. The shear just to the 
right of B is denoted by V,", and since the only forces to the left 
of this section are the left reaction and the 1,000-pound load, 
V;'=^ 2,300 -1,000 - r 1,300 pounds. To the left of all sections 
between B and C\ there are bnt two forces, the left reaction and 
the 1,000-pound load; hence the shear at any of those sections 
equals 2,300 - 1,000 1,300 pounds, or 

V. ^y, ^ y, V. - V; -1,300 pounds. 
The shear just to the right of C is denoted ])y Vg"; and since* the 
forcji\s to the left of that section are the left reaction an<l the 
1,000- and 2,000-pound loads, 

Y,." -.--- 2,300-1,000 - 2,000 --TOO pounds. 

AVithout further explanation, the student should understand 



that 



y, 1 2,300 -1,000 -2,000 -700 pounds, 

V; -700, 

Y;' --= ; 2,300 - 1,000 - 2,000 - 3,000 - 3,700, 

v.. --^.Y.;= -3,700, 

Y,;' = 4- 2.300 - 1,000 - 2,000 -» 3,000 -J 3,700 = 
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2. A simple beam 10 feet loner, and supported at each end, 
weiglis 4(X) pounds, and bears a uniformly distributed load of 
1,600 pounds. Compute the shears for sections two feet apart. 

Evidently each reaction equals one-half the sum of the load 
and weight of the beam, that is, i (1,600+400) =1,000 ]x)und6. 
To the left of a section 2 feet from the left end, the forces actinir 
on the beam consist of the left reaction, the load on that part of 
the beam, and the weight of that part ; then since the load an<l 
weight of the beam per foot equal 200 pounds, 

Y^= 1,000-200 X 2 -= 600 pounds. 
To the left of a section four feet from the left end, the forces 
are the left reaction, the load on that part of the beam, and the 
weight ; hence 

y ^= 1,000-200 X 4 -^ 200 jjounds. 
Without further explanation, the student should see that 

V, = 1,000-200 X 6 = -200 pounds, 
V, -- 1,000-200 X S ^ -600 pounds, 
V,; -- 1,000-200 X 10 - - -1,000 pounds, 

v,;'= 1,000-200x10+1,000.^0. 

8. Compute the values of the shear in example 1, taking 
into account the weight of the beam (400 pounds). (The right 
and left reactions are then 3,1K)0 and 2,500 pounds respectively; 
set^ example 3, Art. 33.) 

We proceed just as in example 1, except that in each compu- 
tation we include the weitjht of the beam to the left of the section 
(or to the right when computing from forws to the right). Tiie 
weight of the beam being 4(> |K)unds |»er foot, then (computing 
from the left) 

V„" - .-F-2,y()0 i)ounds, 

V,' =---+2,500-40=4-2,460, 

V," -.+2,500-40-1,000= + 1,460, 

V, =4-2,500-1,000-40 X 2 =- + 1,420, 

V, ^ f 2,500-1,000-40 X 3 = + 1,38( t, 

V^ =+2,500-1,000-40 X 4 --- i- 1,340, 

V, =+2,500-1,000-40 X 5 = + 1,300, 

V; =+2,500-1,000-40x6= +1,260, 

v." =+2,500-1,000-40 X 6-2,000 = -740, 

V, =+2,500-1,000-2,000-40x7 = -780, 
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V; = + 2,500-1,000-2,000-40 X 8 = -820, 
V;' = + 2,500-1,000-2,000-40 X 8-3,000 = -3,820, 
V^ = + 2,500-1,000-2,000-3,000-40 X 9 = -3,860, 
V',0 = + 2,500-l,000-2,0(K)-3,000-40x 10 = -3,900, 
V"io= + 2,500-1,000-2,000-3,000-40x10 + 3,900=0. 

Computing from the right, we find, as before, that 

V, ==-(3,900-3,000-40 X 3)=-780 pounds, 
V; =-(3,900-3,000-40 X 2)=-820, 
V;' =-(3,900-40 x2)=-3,820,. 

etc., etc. 

EXAMPLES FOR PRACTICE. 

1. Compute the values of tlie shear for sections of the beam 
represented in Fig. 10, neglecting the weight of the beam. (The 
right and left reactions are 3,300 and 4,000 pounds respectively; 
see example 2, Art. 33.) 

V, =V; - -2,100 pounds, 

v;' =v;-v,---v=v..-v,=V' = f 1,900, 

v;' =v =v,^v„:..v, =v,3=v,^v,^v',.=-i,7oo, 

2. Solve tlie preceding example, taking into account the 
weight of the ])eam, 42 pounds per foot. (The right and left 
nwtions are 3,7S0 an<l 4,3()0 pounds resj>ectively; see example 4, 
Art. 38.) 

V;'—-- 2,100 lbs. V, -M l,9t)H l])s. ' 



Ans. 



Ans. -! 



V ; - -- 2,184 
V,,"- -. + 2,17« 

V^ = + 2,000 
V; = + 2,008 



V; -- + 1.1)24 
V," = - 1,67(5 
V, =-1,718 

V,., = - i,7(;o 

V„ =-1,802 
V„ = - 1,844 

v.. = - 1,88(5 



V 
V 
V 
V 
V 
V 



, r^ - 1,928 lbs. 
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; = - 2,012 
,"= + 1,768 
, = + 1,726 
, = + 1,684 
„ = + 1,642 
V„' = + 1,600 



3. ( 'onipute tlie values of the shear at sections one foot apart 
in the In^am of Fig. 11, neglecting the weight. (The right and 
left reactions are 1,444 and 1,530 pounds respectively; se^ ^jjample 
1, Art. 33.) 
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^V," =V,=V;= + 1,556 pounds, 
V," =V,=V.=V,=V.'=+956, 
Anb.-i V." =V/=+56, 

V " =V =V =V =V =V =V '=-444 
[ V„"=V„=V.5=V„'=-1,444. 

4. Compute the vertical shear at sections one foot apart in 
the beam of Fig. 12, taking into account the weight of the beam, 
800 pounds, and a distributed load of 500 pounds j)er foot. (The 
right and left reactions are 4,870 and 11,930 pounds resj)ecti vely ; 
see examples 3 and 4, Art. 33.) 

V, = V, =+6,150 lbs. V„ =+ 830 lbs. 

Y/ = - '540 lbs. V; = +5,610 

V,"= - 2,540 V/' = +4,610 

v., =-3,080 V, =+4,070 

V3 = ~ 3,620 V,o = + 3,530 

V, = - 4,160 V„ = + 2,990 

V, =-4,700 Vj, = +2,450 

V; = - 5,240 V„= + 1,910 

[V;'= +6,690 V„= + 1,370 

38. Shear Dias^rams. The way in which the external shear 
varies from section to section in a beam can be well represented 
by means of a diagram called a shear dlayram. To construct 
such a diagram for any loaded beam, 

1. I^ay off a line equal (by some scale) to the leiii^th of 
the beam, and mark the positions of the supports and tlie loads. 
(This is called a "base-line.") 

2. Draw a line such that the distance of any point of it 
from the base equals (by some scale) the shear at the correspond- 
ing section of the beam, and so that the line is above the base 
where the shear is positive, and below it where negative. (This is 
called a shear liney and the distance from a point of it to the 
base is called the ^^ordinate" from the base to the shear line at 
that point.) 

We shall explain these diagrams further by means of illus- 
trative examples. 

Examples. 1. It is required to construct the shear diagram 
for tb^ bwm represented in Fig. 13, a (a copy of Fig. 9). 
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litiy off A'E' (Fig. lit, J) to represent the Ix-ani, and luurktW 
(Hisitioiis of tUe loads J!', (!' and I>'. Jii example 1, Art. 87, we 
(.■ompiited the values of the shear at aectioua one foot apart; henw 
we lay off ordiuates at jwinta on A'E' one foot apart, to represent 
those sLitars. 

Vae a scale of 4,(KH) |x>tind3 to one inch. Since the sliear fur 
liny Beetion in AB is 2,'^'^' ^H>unds, we draw a line uIi juintllel 
to the ha8e0.575 inch(-.i,:i(Mf-=-i,()<Kt) tliea'from; this is the shear 
line for tiio portion AIJ. Hint^e the shear for any section in EC 
cijuhIs l,."f()() jjonnd:^, wo draw a line //> parallel to the hase and 
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O.B2uiuch(l,3(H)H-4.()()(»| therefrom; this is the shear line for the 
portion IJ(". Since the shear for any election in CI) is -7(H) 
jionnds, we draw a line /'/ below the base and 0.17S inch 
(7()(.)-:-4,()(H)) therefrom; this is the shear line for the portion 
CD. Since the shear for any section in DE equals -3,700 lbs., we 
draw a line -^' below the i.ase and O.St2o inch ()!,700 ^ 4,000) tht^re- 
fiimi; this is the shear line for the portion DE. Fig. 13, b, is the 
required sliear diagram. 

2. It id reijuired to construct the shear diagram for the 
l)eaiii of Fig. 14, " (a copy of Fig. 0), taking into atuttmnt the 
weight of the beam, 400 [K>uiids. 

The values of the shear for sections one foot ajwirt were com- 
puteil in example 3, Art. 37, so we have only to erect ordinates at 
the various points on a Iwise line A'E' (Fig. 14, A), e<jual to thoBQ 
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Talnea. We shall use the same scale as in the preceding illustra- 
tion, 4,000 pourids to an inch. Then the lengths of the ordinatea 
correspondiag to the values of the ahear (see example 3, Art. 37) 
are respectively: 

2,500 H-4,(X)0=(t.625 inch 

2,4G0-;-4,()(K>=0.(J15 " 

1^4f)()H-4,(K)0=0.3fir, " 



Laying these ordinates oft from the hase (upwards or downwards 
aecording as they correspond to positive or negative sliears), wu 
get oS, h'c, c'd, and tf'; as the shear lines. 

looolbs. zooolbs. 3ooolb9. 
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Pig. 14. 
3. Tt is required to conHtruut the shear diairniin for the 
cantilever beam represented in Fig. 15, a, neglecting the weight 
of the beam. 

The value of the shear for any section in AB is -500 pounds; 
for any section in li(!, -1,50() |>uun(tH; and for any section in 
CD, - 3,500 pounds. Hence the shear lines are ab, I'c, e'd. The 
scale being 5,000 pounds to an inch, 

A'« = 500-^5,000 = 0.1 inch, 

Fi' = 1,500-5-5,000 =^0.3 '■ 

GV = 3,500h-5,000 = 0.7 " 

The shear lines are all below the base because all the values of the 

shear are negative. 
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4. Snppose that the cantilever of the preceding iHaBtratioo 
suataiiiB also a uniform load of 200 pounds per foot (see Fig. 16, a). 
Construct a ehear diagram. 




3cb.le i''«sooolb». 
Fig. 15. 

FirHt, we compute the values of the shear at serentl sections. 

Thus V;' =-^ 500 jKiunda, 

V, =-500-->00=-700, 

V; =-DO(l-200xy=-900, 

V;- .= ^ WHI - 2(M)x2 - 1,000 =-1,900, 

Y* .--=-5(HI-l,0lt0-200x3=-2,100, 

V^ ^^5lK)^- 1,(100 ~200x4=-2,300, 

■\'.' -^- 501) - 1,(100 _ 2O0x5=-2,500, 

V;- =^ 500 - l,n00 - 200x5 - 2,000=-4,500, 

V„ ^- 500 -l,(MI(f- 2,000 -200x6=-4,700, 

V, ^- 500 ~ l,00(t - 2,000 - 200 X 7=-4,000, 

V, =-5(M)-- 1,(H)(I- 2,000- 200 x8=-5,100, 

V, ^^5(HI-^ 1,000- 2,000 -200xy=-5,300. 

The values, being negative, Bliunld 1je plottwl downward. To a 

BL-ale of 5,000 )k>uik)s to tlie inch they give the shear lines ai, h'c, 

.-W (Fig. 10, J). 

EXAMPLES FOR PRACTICE. 

1. Coiistmet a shear diagram for the beam represented Id 
Fig. 10, neglecting the weight of the beam (see example 1, Art. 37). 

2. ('unstruct the shear diagram for the beam represented in 
Fig. 11, neglecting the weight of the beam (see example 3, 
Art. 37). 
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3. Coustract the shear dii^ram for the beam of Fig. 12 
when it sustains, in addition to the loads represented, its own 
weight, 800 pounds, and a tiniform lof!d of 500 pounds per foot 
(see example 4, Art. 37). 

4. Figs, a, cases 1 and 2, Table B (p^e 55), represent two 
cantilever beams, the lirst bearing a concentrated load P at the free 
end, and the second a uniform load "SV, Figs, li are the corre- 
sponding shear diagraiuH. Take P and Weqnal to 1,000 pounds, 
and satisfy yourself that the diagrams are correct. 

5. Figs. If, cases 3 and 4, same table, represent simple 
beams supported at their ends, the first bearing a concentrated 




i'»oooolbs. 
Fig. IC. 

load 1* at the middle, and the second a uniform load W. Figs. 
A are the corresponding sbear diagranm. Take P and W «'i|»al 
to 1,000 pounds, and satisfy yourself that they are correct. 

39. Maximum Shear. It is sonjetlnies desirable to know 
the greatest or maximum value of the sliear in a given case. Tliia 
value can always bo found with certainty by constnicting tbe shear 
diagram, from which the maxinuiirt value of the sliear is evident at 
a glance. In any case it can most readily lje c<nnputed If one 
knows the section for which the shear is a uiaximnni. The stu- 
dent should examine all the shear diagrams in the preceding 
articles and those that he has drawn, and see that 

1. /» cantl/eoers fixed in a wall, the 'utaximum shsar 
occurs at the wall. 
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2. Tn Mimple heamSj the nmmmuirb shear occtirs at a sec- 
tion fh'xt to one of the sujyports. 

By the use of these propositions one can determine the value 
of the maximum shear without constructing the whole shear 
diagram. Thus, it is easily seen (referring to the diagrams, page 
55) that for a 

Cantilever, end load P, maximum shear =P 

" , uniform load W, " " =W 

Simple beam, middle load P, " " =iP 

" " , uniform " W, " " =|w ^ 

40. Bending Homent. By bending moment at (or for) a 
section of a loaded beam, is meant the algebraic sum of the mo- 
ments of all the loads (including weight of beam) and reactions 
to the left or right of the section w^ith respect to any point in the 
section. 

41. Rule of Signs. We follow the rule of signs previously 
stated (Art. 29) that the moment of a force w^hich tends to pro- 
duce clockwise rotation is plus, and that of a force which tends to 
produce counter-clockwise rotation is minus; but in order to get 
the same sign for the bending moment w^hether computed from 
tlie right or left, we change the sign of the sum of the moments 
when computed from the loads and reactions on the right. Thus 
for section a^ Fig. 8, the algebraic sums of the moments of the 
forces are: 

when computed from tne left, 

-1,000 X 5 + 3,000 X 1 ^-2,000 foot-pounds ; 
and when computed from the right, 

1,000 X lU-3,000 X 15 f 2,000 X 13 j 2,000 X 1= f- 2,000 foot- 
pounds. 
The bending moment at section a is -2,000 foot-pounds. 

Again, for section i, the algebraic sums of the moments of the 
forces are: 
when computed from the left, 

-1,000 X 22 + 3,000 X 18-2,000 X 10-2,000 X 4 + 3,000 X 2= 
-2,000 foot-pounds; 
and when computed from- the right, 

1,000 X 2= + 2,000 foot-pounds. 
The bending moment at the section is -2.000 foot-pounds. 
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It is usually conveiiieut to compute the ]>eii(lin4^ inonieut for 
a section from the forces to the rii{ht or h»ft accord! ni; as there 
are fewer forces (lomls and relictions) on the right or left side 
of the section. 

42. Units. It is customary to express bending moments in 
inch -pounds, but often the foot-pound unit is more convenient. 
7^0 redvce foot 'poit nth to Inrh-poujuh^ miiltiphj htj twAue, 

43* Notation. We shall use M to denote bending moment at 
any section, and the l)ending moment at a j)articular section will 
be denoted by that letter subscripted; thus M,, M,, etc., denote 
values of the bending moment for sections one, two, etc., feet 
from the left end of the ])eam. 

KxinnpleH, 1. Compute the l)ending moments for sections 
one foot apart in the l>eam represented in Fig. 9, neglecting the 
weight of the beam. (The right and left reactions are 3,700 and 
2,300 pounds res|)ectively. See example 1, Art. 33.) 

Since there are no forces acting on the beam to the left of the 
right support, M„=0. To the left of the section one foot from the 
left end there is but one force, the left reaction, and its arm is one 
f<K)t; hence M,^r2,3(K)X 1=2,300 fcK)t-i)ound8. To the left of 
a section two feet from the left end there are two forces, 2,300 and 
1,(KK) pounds, and their arms are 2 feet and 1 foot respectively; 
hence M,= + 2,300 x2-l,(X)0xl --3,600 foot-pounds. At the 
left of all sections between B and C there are onlv two forw^s, 
2,300 and 1,0(K) pounds; hence 

^1= -r 2,300 X 3-1,000 X 2= |- 4,000 foot-pounds, . 
M,= -; 2,300 X 4:-l,000 X 3 = ! 0,2(K) 
M,= ! 2,300x.")-l,(M)Ox4-= | 7,500 
m[-= -i 2,3(K) X r)-l,000x 5= • 8,S00 

To the right of a section seven feet from the left end there 
are two forces, the 3^000- pound load and the right reaction 
(3,700 pounds), and their arms with res[)ect to an origin in that 
section are re8j)ectively one foot and three feet; hence 

M,=-(-3,700x3-f 3,000 y l)=:n + 8,100 foot-pounds. 

To the right of any section l)etween E and 1) there is only one 
force, the right reaction ; hence 
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M,^- -^^.7««» . 1 .=8,7««» 

2. A fimpjr liemm iM feet long and snpportc^l at its ends 
vrighs 4<H* f<iiiiHls« azid bt1a^^ a unifonuly distrilmtt^I loail of l«f><^) 
|oaiMl>. i'ompnte xhe Wndiii^ moments for sections two feet 

Each neacdoB en^uids onr-half the wluile Ioa<l« that is, I of 
1 l.r'ilBi -4<«h = lJ'>'>> fMunds, and the load |ier foot including 
Wright of the Vieain is •J««> |<iQnds. The fort-es acting on the 
lieani to the left t»f tht* first s«<rtion« two feet from the left end, are 
the left ivaetion i IJMMi pounds^ and the load (including weight ) 
i»n the fiart of the l»eani to the left of the section (4<M> |K)unds ). 
Tile arm of the reaction is ft^t and that of the 44MLjHmnd force 
"s 1 f«x»t I the distaniv fmin the niidille of the 44NKjiound k>ad to 
the section ». llt-nce 

M„ - iJWHi . J-4<w» * 1 - l,iMN) footjiounds. 

The fonvs to the left of the next section, i feet fn>m the left 
t-nd, are the It-ft rvactii»n aud all the load ( includincf weiirht of 
lieani i to the left , "^IHJ |KtinKl< i. Tlit* arm of the reaction is 4 feet, 
aiul that of tht- "^^w^iKmnd fonv is *J feri: hence 

M/- l,<HMi . 4 MHi s J 2,4<x> fcK)t.jKmnds. 

Without further explanation the student should see that 

M, - l,<MX>xr>- l/J^Hi y :\ - 2AiH\ fiH»t -pounds, 

Evidently M,.--M„.r-0. 

:{. ( onipute the values of the ]>i»nding moment in example 
1, taking into account the weight of the lH*am,4<H) pounds. (The 
right and left reactions are res|>ectively :{,'.MM) and 2J)i)i) jwunds; 
see example 3, Art. 8.-]. ) 

We proc»eed as in example 1, except that the moment 
of the weight of the l)eam to the left of each section (or to 
the right when computing from forces to the right) must be 
included in the respective moment e<piations. Thus, computing 
from the left, 
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M, =0 

M, = + 2,500 X 1-40 X ^= + 2,480 foot-pounds, 
M, = + 2,500x2-1,000x1-80x1= + 3,920, 
M, = + 2,500 X 3-1,000 X 2-120 Xli= + 5,320, 
M. = + 2,500x4^1,000x3^100x2=+ 6,680, 
M, = + 2,500 X 5-1,000 X 4-200 X 2 J=: + 8,000, 
mI = + 2,500 X 6-1,000 X 5-240 X 3= +J»,280. 

Coinputing from the right, 

M, =-(-3,00Ox3+3,0OOxl + 12OxlA) = + 8,52O, 
M, =-(-3,(K)0x2+80xl) =+7,720, " 
M, =-(-3,n(K)Xl+40x4)=+ 3,880, 



M.„ = 0. 



EXAMPLES FOR PRACTICE. 



1. Compute the ralues of the bending moment for sections 
one foot apart, beginning one foot from the left end of the 
beam represented in Fig. 10, neglecting the weight of the beam. 
( The right and left reactions are 3,.S0() and 4,000 pounds respec- 
tively; see example 2, Art. 33.) 

f M,= - 2,100 M, = + 3,400 M„= + 2,100 M„=-6,4()0 
Ans. M,= - 4,200 M, = + 5,300 M„=+ 400 M„ --4,800 



( in foot- -I 
pounds) 



M,= - 2,300 M, =+7,200 M„=: - 1,300 M„=-3,20() 
M.= - 400 M, = + 5,500 M,.= - 3,(KM) M„=-1.600 
M,= + l,.500 M,„= + 3,800 M„= - 4,700 M,,,^^ 

2. Solve the preceding example, taking into account the 
weight of the beam, 42 podnds per foot. (The right and left 
reactions are 3,780 and 4,3(50 pounds respectively; see example 4, 
Art. 33.) 

AI,= - 2,121 M. =+4,084 M„= + 2,7!»r» M,„=- - ('.,730 
M ,= - 4,284 M, = +6,071 M,,= + 1I7(', M„=- - 4,'.t8!> 



Ans. 
(in foot- 
iKtnnds) 



M,= - 2,120 M, = + 8,01(j M,3= - 880 M„= - 3,284 
M,= - 16 M, = +6,319 M,.= - 2,79(5 M,„= - 1,621 
M,= + 2,055 M.„= + 4,580 M„= - 4,745 M^^ 

3. Compute the bending moments for sections one foot 
apart, of the beam represented in Fig. 11, neglecting the weight. 
(The right and left reactions are 1,444 and 1,55(5 pounds respect- 
ively: see example 1, Art. 33.) 
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Ang. 



fM,= H,550M, = + 5,a80JI, = + 6,lU4 3I„=4 4,328 



(in foot- -j 



M,= + 3,112 M.= + 6,936 M,.= + 5,6li0 M„: 
M.= f 4,0«S M,^= + (i.!l!l2 M„= +3,21t) M„= 
M,= -| 0,024 M.= + fi,54S M„= + 4,772 M„= 



i + 2,884 

+ 1,440 



4 Compute the Iwnding iiioineats at sectioQB one foot apart 
in tlie beam of Fig. 12, talving into account the weight of the beam, 
«(HI jjountis, and a uniform load of 500 pounds per foot. (The 
rigiit and left reactions are 4,S70 and ll.OjitI pounds respectively; 
see Exs. I! and 4, Art. ;i3.) 



M,».- 270M, =- 
Ans. M,=, - 3,080 M, = - 
(in foot- i M,=, - 0,430 M, = - 
ponuds) M,= ^10,320 M, ^,- 
[ JL = -14,7ii0 M,.= - 



19,720 M„ = + 3,980 M„= 12,180 

13,300 M„=+ 6,700 M„=12,200 

7,420 M:„=+ 8,880 M„= 8,680 

3,08011,,= + 10,520 !(„= 4,620 

- 720M„= + 11,620M,= 



44. Moment Diagrams. The way in which the bendinir 
moment varies from section to si-ction in a loaded heam can 1h< 
well represented by means of a diagram called a nto>nfnt ditrt/ntiit. 
To construct such a diagram for any loaded heam, 



1000 lbs. 



aooolbs. Aooolbs. 




1. Lay olf a biisi -liii> |n>t .is foi a shear diagram (see 
Art. 38). 

2. Draw a line such that the distance from any point of it 
to the base-line e<]uals (by some scale) the value of the bending . 
moment at the corresponding section of the beam, and 80 that the 
line is above the Imse where the bending moment is positive and 
below it where it is negative. (This line is called a "moment 



lin. 



"1 
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Examples. 1. It is required to cotiBtruct a 
gram for the beam of Fig. 17, a (a copy of Fig. '.'), loaded aa 
there shown. 

Jjiy off A'E' (Fig. 17, h) as a l)a.se. In e.xmnple 1, Art. +:!, 
uu coinpiited the values of the beiiditig iiioiiifiit for Me(.'tiiius unit 
f(M)t a|(art, so we erect onliiiates at |x>iiith of A'E' oiif foot ajwrt, 
to repreBent the Iwuding luoiuentH. 

We shall use a scale of lO.(KM) foot-jiouuds to the iiu-h; then 
'iie ordinates (see example 1, Art. \% for values of M ) will be: 
One foot from left end, 2,;^0<)-4-10,0(K) =-- (1.28 iuc-h, 
Two feet « '• " 8,600-f-l(MMX) -- (1.86 " 
Three '• " " ■' 4,!l(IO-4-10,0()() = O.-l'.l '■ 
Four " " " '■ fi.->(Mt-^10,(KM) = ().l>2 " 



aooolbe. aooolbs. 




Sc&Je: i"- loooof t,-l. 
Fit,'. 18. 



n.ls i 



Laying these ordinates off, and joitiing 

we get the line A'/WE', which is the bending iiioiuent lini'. 

Fig. 17, /', is the moment diagram. 

2, Tt is requiR-d to construct llie moment diagram for the 
beam. Fig. Is, " (a copy of Fig. !))» taking into account the weight 
of the beam, +()() pounds. 

The valnes of tlie lieuding luonietit for sections one foot afmrt 
were compnttnl in exuiuph' It. Art. 4:1. So wi' hiivc only to lay olf 
ordinates equal to thnsc v;ilue>;, ujic fimi iipurl, on tli<' I'usf .\'E' 
I Fig. 1S,J)- 

Tua SCuIt! of lO.tHIU fuut-[>(>UJl<ls to llx' ilirll till- ur'(iij|:lles 
(tn- eMini|ilr S, Art. 4il, fur valiirs iif .M j ,ir<-: 
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At left end, 

One foot from left en<l,2,4«0-HlO,(KIO=:0.240 iut-li 

Two feet " " " ;i,'Ja(J^10,0()0=0.392 " 

Three " 5,320^-10,000=0.532 " 

J-'onr '■ " " " (i.fi80H-10,000=0.668 " 
IiH^viii^ tliefle onJiimtes off at the proper points, we get A'icr/E 
Ht> the moiiietit liiiv. 

3, It h required to conistruet the iitoiiieiit tliitgrtiiii for the 
i-uiitilever beam represented in Fig. It', <i. neglecting tiie weight 
of the lM>aiH. The landing moment at B e<]uals 

-500x2=-l.(K)0 foot-i^unde; 
at C, ■ ■ ■ 

-500 X 0-1,0(10 X3^~5,5(HI; 
and at ]>, 

-51HI X it-l,O0OX 7-2,000 X 4=-19,600. 



soolbs. looolbs. zooollA. 



.f-''-^ 




I'fiing a m'lile of 20,0(10 foot-[)OuiKls to one inch, the ordiiittteB 

in the Ininiliiig iiuitiieiit diagram are: 

At U, 1,0(HI ^2(MJt«l=0.05 inch, 
•• (', 5,50(J^2(t,O(".O^0.275 " 
•• I>, 19,500-4- 20,()00^0.il75 •• 
Hence we lav these oi-dinatea off, and downward because the tend- 
ing moments are negative, thus fixing the points i, c and d. The 
liendiiig moment at A is zero; hence the moment line connects A 
f'. •■ and i7. Fiirdier, the portions AA, hr and I'lI are straight, as 
ean be shown by comjmting values of the bending moment for 
sectiouH in AB, liV. and CD, and laying off the corresponding 
ordinaieu in the moment diagram- 
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4. Suppose tliat tha cKntileTer of tilt) precodiiifr illuBtration 
BUstaiiiH also a Qiiiforiu load of 100 Jiouiida ]ier foot {iMje Fig. 20, tf). 
t'oiiiitniet a moment diagram. 

Firat, we compute the valuea of the heiidiiig iiioiiieiit at Ht>T- 
eral sectioua; thus, 
M,=-600X l-100xi=-650 foot.poasdi, 
IH,=-500x2-SOOx 1=-1,200, 
M,=-u00x3-l,000x 1-300X lj=-2,9o0, 
M,=-500X4-I,000x2-400X2=-4,800, 
11,=-BOO X 3-l,000x 3-500 X 2J ==-6,750, 
M|=-5n0 X 0-1,000 X 4-2,000 X 1-OOOx 3=-10,800, 
JI,=-500x7-l,OOOx5-2,OOOx2-700xM=-14,l)50, 
M,=-500X8-l,OOOx6-2,OOOx3-SOOx4=-19,200, 
M,=-500 X 0-l,000x 7-2,000 X 4-900 X IJ =-23,550. 

soolbs. looolbs. sooolbs. 




Sc&Je:f«2ooooft-Ib9, 



Fig. 2(). 
Tlieso vnltira rII Iwiriff lu-ijativf, tlio onlitmteH art) all laiil off 
(UiwiiwanlH. Tri a Bi-ale of 20,(100 fuut-pnuiuU tu iiiie iiicli, ttiey 
fix tlie moumnt line A'fi'tl. 

EXAnPLE5 FOR PRACTICE. 

i, ("otiBtnict a iiioineiit <liai;raiii for the lnjain rvjireaentwi in 
Kig. l(f, negltctinft the wviiflit of llie Iietuii, (Sue «xaiii])le I, 
Art. 43). 

3. Cunstriiut ii iiioitieiit ilia^raiii for llit- Wuiii rejiretteiilt^l 
in Fig. 11, iieglet'tiiig tlic weiglit of tlie Ih-hiti. | Sf e exHiii)ile ;t, 
Art. 43). 

3. ConstruL-t tlii! inotiii'iit diagmiii for tliu Imutii of t'ig. 12 
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when it sustains, in addition to the. loads represented and its own 
weight (800 pounds), a uniform load of 500 pounds per foot. 
(See example 4, Art. 43.) 

4. Fip;s. <tj cases 1 and 2, page 55, represent two cantilever 
lH?anis, the first bearing a load P at the free end, and the second 
a uniform load W. Figs, b are the corresponding moment 
diagrams. Take P and W equal to 1,000 pounds, and I equal to 
10 feet, and satisfy yourself that the diagrams are correct. 

5. Figs, a J cases 3 and 4, page 55, represent simple beams 
on end supports, the first bearing a middle load P, and the other a 
uniform load W. Figs, h are the corresponding moment dia- 
grams. Take P and W equal to 1,000 pounds, and I equal to 
10 feet, and satisfy yourself that the diagrams are correct. 

45. Maximum Bending Moment. It is sometimes desirable 
to know the greatest or maximum value of the bending moment 
in a given case. This value can always be found with certainty 
by constructing the moment diagram, from which the maximum 
value of the bending-monient is evident at a glance. But in any 
case, it can be most readily computed if one knows the section for 
which the beiidintr moment is greatest. If the student will com- 
pare the corresponding shear and moment diagrams which have 
been constructed in foregoing articles (Figs. 13 and 17, 14 and 
18, 15 and 19; 10 and 20), and those which he has drawn, he will 
see that — Tim nntxlinum hcudlny in<n)und in a heoni occurs 
inlnjre tin* shear elnnKjcs hh/h. 

By the help of the foregoing princijJe we can readily com- 
pute tlie maximum moment in a given case. We have only to 
construct the slu^ar line, and o])serve from it where the shear 
changes sign; tlien compute the binding moment for that section. 
If a simple beam has one or more overhanging ends, then the shear 
changes sign more than once — twice if there is one overhanging 
end, and three times if two. In such cases we compute the 
bending moment for each section where the shear changes sign; 
the LuM^cst of the values of tliese ben<lini£ moments is the maxi- 
mum for the beam. 

The section of maximum lR'ndin<»; moment in a cantilever 
fixed ut one end (as when built int ) a wall ) is always at the wall. 
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Thus, without reference to the moment diagrams, it is readily seen 
^hat, 

for a cantilever whose length is 2, 

with an end load P, the maximum moment is PZ, 
" a uniform " W, " " " " * WZ. 

Also by the principle, it is seen that, 

for a beam whose length is ?, on end supports, 

with a middle load P, the maximum moment is ^ P/, 
" uniform « W, " " " " J W/. 

46. Table of Maximum Shears, Moments, etc. Table B 
on })age 55 shows the shear and moment diagrams for eight 
simple cases of beams. The first two cases are built-in can tile verH; 
the next four, simple beams on end supports; and the last two, 
restrained beams built in walls at each end. In each case I 
denotes the length. 

CENTER OF GRAVITY AND HOMENT OF INERTIA. 

It will be shown later that the strengtji of a beam depends 
partly on the form of its cross-section. The following discussion 
relates principally to cross-sections of beams, and the results 
reached (like shear and bending moment) will be made use of 
later in the subject of strength of beams. 

47. Center of Gravity of an Area. The student ])r()l)ably 
knows what is meant by, and how to find, the center of gravity of 
any flat disk, as a piece of tin. Probably his way is to balance 
the piece of tin on a j)encil point, the point of the tin at which it so 
balances being the center of gravity. (Keally it is midway between 
the surfaces of the tin and over the balancing point.) The center 
of gravity of the piece of tin, is also that point of it through which 
the resultant force of gravity on the tin (that is, the weight of the 
piece) acts. 

By "center of gravity" of a jjane area of any shape we mean 
that point of it which corresponds to tlie center of gravity of a 
pit*ce of tin when the hitter is cut out in tlu* shape of the area. 
The center of gravity of a quite irregular area can be found most 
readily by balancing a piece of tin or stilF paper cut in tlie sliape 
of the area. I>ut when an area is simple in shape, or consists of 
parts which are simple, the center of gravity of the whole can be 
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Pig. 21. 



found readily by computation, and such a method will now be 
described. 

48. Principle of noments Applied to Areas. Let Fig. 21 

represent a piece of tin which has been divided off into any num- 
ber of parts in any way, the weight of the whole being W, and 
that of the parts W,, Wj, W,, etc. Let 0„ C.^, C„ etc., be the 
centers of gravity of the parts, C that of the whole, and ^„ e,^^ r,, 
etc., and c the distances from those centers of gravity respectively 
to some line (L L) in the plane 
of the sheet of tin. Wlien the 
tin is lying in a horizontal posi- 
tion, the moment of the weight 
of the entire piece about L L is 
Wr, and the moments of the 
j)art8 are W|^„ Wj^Jj, etc. Since 
the weight of the whole is the » 
resultant of the weights of the 
parts, the moment of the weight 
of the whole equals the sum of the moments of the weights of the 
parts; that is, 

A\V^A\V-j W/', fete 

Now let A,, A.J, etc. denote the areas of tlie parts of the pieces 
of tin, and A tlie area of the whole; then since the weights are 
proportional to the areas, we can replace the Ws in the preceding 
equation by corresponding A's, tlius: 

A<:*=: A /'j -1 A./'^ + etc (4) 

If we call the prmluct of an area and tlie distance of its 
c^Miter of gravity from some line in its plane, the "moment'* of the 
area with resj)ect to that line, then the preceding equation may be 
stated in words thus: 

T/ie moment of an area with resjjcct to any line equals trie 
algebra I c fun a oftlw iiionunti< of the ]>arfs oj the area. 

If all the centers of trravity are on one side of the line with 
respect to whlcli moments are taken, then all the moments should be 
given the plus eign; but if some centers of gravity are on one side 
and some on the other side of the line, then the moments of the 
areas whose centers of gravity are on one side should be given the 
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same sign, and the moments of the others the opposite sign. The 
foregoing is the principle of moments for areas, and it is the basis 
of all rules for finding the center of gravity of an area. 

To find the center of gravity of an area which can be divided 
np into simple parts, we write the principle in forms of equations 
for two different lines as "axes of moments," and then solve the 
e(]uations for the unknown distances of the center of gravity of the 
whole from the two lines. We explain further by means of sj)ecific 
examples. 

Eocavipleii, 1. It is required to find the center of gravity 
of Fig. 22, a, tlie width l>eing uniformly one inch. 

The area can be divided into two rectangles. Let Cj and 

L" 



?» 



OK- 



.i: 



A 



•c 



•Ca 



To 



Fig. 22. 



(^3 be the centers of gravity of two such parts, and (^ the center of 
gravity of the whole. Also let a and J denote the distances of C 
from the two lines OL' and OL" re8j)ectively. 

The areas of the jmrts are and 3 scjuare inches, and their 
anus with respect to OL' are 4 inches and \ inch res|)ectively, and 
with res{)ect to OL" \ inch and IJ inches. Hence the equations of 
moments with respect to OL' and OL" (the whole area being IJ 
square inches) are: 

yx« = 0X4+3X4 = 25.5, 

i)Xi = 6X^ + 3X14= 7.5. 

Henoe, n — 25.5-?-9 = 2.83 inches, 

I -- 7.5^9 -- 0.83 '• . 

2. It is required to locate the center of gravity of Fig. 22, J, 
the width being uniformly one inch. 
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The figure can be divided up into three rectangles. Let Ci, C, 
and C^ l)e the centers of gravity of such parts, C the centci' of 
gravity of the whole; and let a denote the (unknown) distance of 
(/ from the base. The areas of the |>arts are 4, 10 nnd 4 sijuare 
inches, and their *' arms " with resj)ect to 
the base are 2, \ and 2 inches respectively; ^^^ 

hence the equation of moments with re- 
spect to the base (the entire area being 18 
square inches j is: 

18 X^/ =4x2-i 10xi-f4x2 = 21. 

Hence, a — 21-: 18 = 1.17 inches. 

From the symmetry of the area it is plain 
that the center of ijravitv is midwav Ik*- 
tween the sides. 



EXAMPLE FOR PRACTICE. 

1. Locjite the center of gravity of 
Fig. 2:i. 



! 



Fig. 23. 



Ans. 2.(> inches above the base. 
49. Center of Qravity of Built-up Sections. In P'ig. 24 
there are represented cross-sections of various kinds of rolled steel, 
called **sluq»e steel," which is used extensively in steel construction. 
Manufacturers of this material publish •"handbooks"' giving full 
information in regard thereto, anu)ng other things, the |)Osition of 
the center of crravitv of each cross section. AVith such a handbook 
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Angle 
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available, it is therefore not necessary actually to compute the posi- 
tion of the center of gravity of any station, as we did in the pre- 
ceding article; but sometimes several shajH^s are rivettnl together to 
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miiko a "built-up" si>ctioii (se« Fig. 25), and then it may ))e noceB- 

sary to compHt« tlie position of tlie center of gravity of the flection. 

Example. It is desired to locate the center of gravity of the 

section of a bnilt-np Iieam represented in Fig. 25. llie beam con. 



-14"- 



T*= 



-i 



Pig. 25. 

sists of two channels and a plate, the urea of the i.to><s- sect ion of a 

channel beinj; 0.08 square inches. 

Evitleiitlj- tlie center of gravity of each channel section is 

icches, and that of the j>late section is 12^ inclies. from the bottom. 
\*^X •■ denoto the dis- 
tance of the center of 
f^ravity of thu whole 
section from the !>ot- 
tiini; then since the 
area of the plate section 



c 



1-1 



n 



'^, 



uare inches, and 



Hence, 



Fig. 26. 
f= 158. 



that of the whole sec 
tion is lit.Of), 

lii.OfiX'- = 0.(l;t X0 + 
(i.03 Xfi + 7xl2j = 
158.11. 
i.30 inches. 



EXAMPLES FOR PRACTICE. 

I>ocat6 the center of gravity of the built-up section of 
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Fig. 20, a, the area of each "angle'' being 5.06 square inches, and 
the center of gravity of each being as shown in Fig. 26, i. 

Ans. Distance from top, 3.08 inches. 

2. Omit the left-hand angle in Fig. 26, «, and locate the 
center of gravity of the remainder. 

. j Distance from top, 3.65 inches, 
"^' / " " left side, 1.19 inches. 

50. rioment of Inertia. If a plane area be divided into an 
infinite number of infinitesimal parts, then the sum of the prod- 
nets obtained by multiplying the area of each part by the square 
of its distance from some line is called the in4)ineM of inertia of the 
area with respect to the line. The line to which the distances are 
measured is called the inertia-axis; it may be taken anywhere in 
the plane of the area. In the subject of beams (where we have 
sometimes to compute the moment of inertia of the cross-section 
of a beam), the inertia-axis is taken through the center of gravity 
of the 8e(*tion and horizontal. 

An approximate value of the moment of inertia of an area 
can be obtained by dividing the area into small parts (not infini- 
tesimal), and adding the products obtained by multiplying the 
area of each j)art by the square of the distance from its center to 
the inertia-axis. 

Kxumple. If the rectangle of Fig. 27, ff, is divided into 8 
parts as shown, the area of each is one square inch, and the dis- 
tances from the axis to the centers of gravity of the parts are \ 
and \\ inches. For the four parts lying nearest the axis the 
product (area times distance squared) is: 

lX( A)^=i; *»d for the other parts it is 

1X(U)'=». 

Hence the apj)roximate value of the moment of inertia of the area 
with resj)ect to the axis, is 

'i(i)+4(l)=-io. 

If the area is divided into 32 parts, as shown in Fig. 27, 6, 
the area of each part is \ square inch. For the eight of the little 
sfjuares farthest away from the axis, the distance from their centers 
of gravity to the axis is \\ inches; for the next eight it is IJ; 
for the next eight 5; and for the remainder ^ inch. Ilence an 
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appn}ximate value of the moment of inertia of the tvotan^Ie with 
respect to the axis 18 : 

SxiX(l|)'+8xiX(lJ)'+8XiX(|)'+SXJX(i)'=10J. 
If we divide tlie rectangle into still smaller parts and form 
the prodiietfi 

(small area) X (distance y, 
and atld tbe products jii8t as we have done, we shall get a largttr 
answer than lOi, The smaller the parts Into which the ret", 
tangle is divided, the larger will Iw the answer, Imt it will never 
be larger than 10§. This lOlj is the stini corres[tonding to a 
division of the rectangle into an 
_ '^g'— < infinitely large nunilx^r of parts 

(infinitely small) and it is the 
exact value of the moment of 
^^>L'3_ inertia of the rectangle with re- 
8|)ect to the axis selected. 



PiK. 27. 



'Inhere are short methods of 
computing the exact values of the 
moments uf inertia of simple fig- 
ures (rectangles, circles, etc.,), 
but they cannot l>e given here since they involve the use of difficult 
triatheniatics. The foregoing method to obtain approximate val- 
nes of moments of inertia is used es|)ecially when the area is <juite 
irregular in shape, but it is given here to explain to the student 
the iiifitniiHj of the moment of inertia of an area. He should 
understand now that the moment of inertia of an area is sim- 
ply a name for such sums as we have just computed. The name 
is not a fitting one, since the sniri has nothing whateverto do with 
inertia. It was first used in this conneittion because the sum is 
very similar to certain other sums which had previously been 
called moments of inertia. 

51. Unit of Moment of Inertia- The product (areaxdia- 
tance') is really the product of four lengths, two in each factor; 
and since a moment of inertia is the sum of such products, a 
tnnment of inertia ie also the product of four lengths. Xow the 
product of two lengths is an area, the product of three is a vol- 
ume, and the product of four is moment of inertia — unthinkable in 
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tlio wav ill wliii'h \\r (md think of nu an'H (»r voliiiiie, and there- 

r(»rt> the H>uri*t^ of itiiich (iitiiciiltv to tlu^ stu<l(*nt. Tlie nil its of 

tlit'Si* (|u:iiititit*s larra. voliinit*. and inoiiu'iit of inertia) are respec- 

liwly: 

the ^(|U]irt* ini'li, stpiare foot, etc., 

" cuhic •• , cuImc •• '• , 

" )ii<|ua(Irutii* indi, I lii quadratic* foot, etc; 

liiit the 1»ii|ii:ulr:iti<' iiirli is almost exclusively used in this connec- 
tion ; that is, the inch is used to compute 
J \ ahies of moments of inertia, as in the pre- 

■ 1 rtMlinir illustration. It is often written 

J T thus: Inches*. 

^1 53. Moment of Inertia of a Rectangle. 

^xi9_ i, I'**t // denote the base of a rectangle, and a 

|.-^, 2< '^^ altitude; then by hifjher mathematics it 

can l>e shown that the moment of inertia 
of ilu» nriani![lc with rcs|H'ct to a line throucrh its center of gravity 
aiHJ |iar:illcl to its base, is ^\, A"'. 

A'.ii////yiA . ('(miputelhc value of the moment of inertia of 
a rectaiiLilc 11- iiichrs with respect to a line through its center 
uf n[r:i\itv ami parallel In llie lon^ srith*. 

line A ri, ami *' -- 4 inches ; hence the moment of inertia 
• lesire'l iMpials 

,^.l 12 -A') ^<'>4 inches*. 

EXAHPLB FOR PRACTICE. 

L. (oinpiite the iiioiiient of inertia of a rectangle 4X12 
iiicJK's with re>pecl to a line tlirnujrh its center of gravity and 
parallel to the short siile. Ans. oTO inches'. 

S^. Reduction formula. In the previously mentioned 
••hainlbooks" there can be found tables of moments of inertia of 
all the cross-sectiiMis of tlu* kimls an<l sizes of rolled sha]»ea made. 
The inertia-a\es in those tables are alwavs taken through the cen- 
ter of I'-ravitv of the section, ami usually jKirallel to some edge of 
\]\c section. Sometimes it is necessary to ccmiputethe moment of 
inertia of a 'Tolled section" with res|M'ct to some other axis, and 
if the twoaxes nhat is, the one j^iviMi in the tables, and the other) 
an» ])arallel, then the desired mcnnent of iiuTtia can be easily com- 
puted from the one given in the tables by the following rule: 
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The moin^^nt of inertia of utt area tclfh mapert to nmj axis 
equals the inojnent of inertia with renptut to a paraVil axis 
through the center of y ratify ^ pi as the prnd mt of the area and 
the square of the distance hctireen the axrs. 

Or, if I denotes the moment of inertia with re8[)eet to any axis; 
I^ the moment of inertia with re8[>ect to a parallel axis through 
the center of gravity; A the area; and d the c^'stane^^ between tlie 
axes, then 

i^ijx^r-.... (5) 

Jlicample. It is required to compute the moment of inertia 
of a rectangle 2 X 8 inches with respect to a line parallel to the 
long side and 4 inches from the centier of gravity. 

Let I denote the moment of inertia sought, and I^^ the moment 
of inertia of the rectangle with re8j)ect 
to a line parallel to the long side and 
through the center of gravity (see Fig. 
28). Then 

lQ=3*jJ</'(8ee Art. 52); and, 

since l=S inches and a=2 inches, 

lQ=j^y(8x2')=5J biquadratic inches. 

The distance between the two inertia- 
axes is 4 inches, and the area of tlie 
rectangle is 16 square inches, henc^ 
equation 5 l)ecomes 
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Fijr. 29. 
I = 5J-f-10X4"=2()l.^ biquadratic inclies. 

EXAMPLE FOR PRACTICE. 

1. The moment of inertia of an **aii<rl(»" 2?, X2xi inches 
(lengths of sides and width respectively) with respect to a line 
through the center of gravity and ])arallel to the long si<le, is 0.04 
inches*. The area of the section is 2 square inclies, and the dis- 
tance from the center of gravity to the long 8i<le is 0.03 inches. 
(These values are taken from a ^'handbook".) It is re<juired Uf 
compute the moment of inertia of the section with resjiect t4i a 
line parallel to the long side and 4 inches from the cenU^r of 
gravity. Ans. 32.64 Uiehi^^, 

54. Moment of Inertia of Built-up Sections. As Hforo 
stated, l>eams are sometimes ^^built up" of rolled shapet (ftUgl^^Hf 
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channels, etc.). The moment of inertia of such a section with 
respect to a definite axis is computed by adding the moments of 
inertia of the parts, all tclth respect to that same ax'tn. This is the 
method for computing the moment of any area which can be 
divided into simple j)art8. 

The moment of inertia of an area which may be regarded as 
consisting of a larger area m/nias other areas, is computed by sub- 
tracting from the moment of inertia of the large area those of the 
"minus areas." 

Examples. 1. Compute the moment of inertia of the built- 
up section represented in Fig. 30 (in part same as Fig. 25) with 
respect to a horizontal axis 
passing through the center f J^" ^ 



^ 



1^ 



i 



I- 




3--d:' 



FijjT. :u 



of gravity, it being given ^-jrc 
that the moment of inertia 
of each channel section 
with respect to a horizontal "^ 
axis through its center of 
gravity is 128.1 inches*, 
and its area G.03 square 
inches. 

The center of gravity of 
the whole section was found 

in the example of Art. 49 to be 8.30 inches from the bottom of 
the section; hence the distances from the inertia-axis to the 
centers of gravity of the channel section and the plate are 2.30 
and 3.05 inches respectively (see Fig. 30). 

The moment of inertia of one channel section with resj>ect to 
the axis AA (see equation 5, Art. 53) is: 

128.1 + 0.03x2.30^=160.00 inches*. 
The moment of inertia of the plate section (rectangle) with re- 
sj>ect to the line a'a" (see Art. 52) is: 

iV ba^- -^i,[14X (V)*^]-^0.15 inches*; 
and with respect to the axis AA (the area being 7 square inches) 

it is: 

015+7x3.95^=109.37 inches*. 

Therefore the moment of inertia of the whole section with re- 

spect to AA is: 

2x160.00+10957=429.37 inchest 
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2. It is required to compute the moment of inertia of the 
'* hollow rectangle" of Fig. 29 with respect to a line through the 
center of gravity and parallel to the short side. 

The amount of inertia of the large rectangle with respect to 
the named axis (see Art. 52) is: 

,S (5 X 10') = 410| ; 
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Kig. 31. 

and the moment of inertid of tlif Hiiialler one with re8i)ect to the 
same axin is: 

,', (4X.S^)---17(»|; 

hence the moment of inertia of tlie hollow section with respect 
to the axis is: 

41<i| - ITOJl = 24') iIU•ht^^^ 
KXAMPLES FOR PRACTICE. 

1. Compute tlie moment of inertia of the section repre- 
sented in Fig. HI, //, a])(>nt the axis A A, it l)eing 8.0S inches 
from the top. (iivtMi also that the area of one angle section is 
5.06 s<piare inches, its center of gravity (- (Fig. 'U, />) 1.00 inches 
from the top, and its mcunent of inertia with respect to the axis tft/. 
17.08 inchest Ans. 145.8 inches*. 

2. Compnt(^ the moment of inertia of the section of Fig. 31, a, 
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with resj)ect to the axis BB. <Tiven that distance of the center 
of trravity of one angle from one side is 1.66 inches (see Fig. 31,/>), 
and its moment of inertia with respect to hh 17.68 inches. 

Ans. 77.5 inches*. 
55. Table of Centers of Gravity and floments of Inertia. 
Column 2 in Table A Inflow gives the formula for moment of 
inertia with respect to the horizontal line through the center of 
gravity. The numlnTs in the third column are explained in Art. 
62; and those in the fourth, in Art. SO. 

TABLE A. 

MoaMBU of Inertia, Scctloa Modali. and Radii of Gyration. 

Id each ca<t* the axis is horizonUil and |>ass4's thnm^h the center of f^rayitj. 



Section. 
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STRENGTH OF BEAMS. 

56. Kinds of Loads Considered. The loads that are applied 
to a horizontal beam are usually vertical, hut sometimes forces are 

« 

applied otherwise than at ri^lit anj^^h^s to l)eanis. Forces acting on 
beams at right angles are calh^l transverse forces; those applied 
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TABLE B. 

5bear Dlagrmms (b) and Moment DUfframs (c) for Biffht Different Cases (a). 
Alao Values of Maximum 5liear (V), Bendinff Homent (M), and Deflection (d). 
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parallel to a beam are called long^itudinal forces ; and others are 
called inclined forces. For the present we deal only with beams 
subjected to transverse forces (loads and reactions). 

57. Neutral Surface, Neutral Line, and Neutral Axis. When 
a beam is loaded it may be wholly convex up (concave down), as a 
cantilever; wholly convex down (concave up), as a simple beam 
on end supports; or partly convex up and ])artly convex down, as 
a simple beam with overhanging ends, a restrained beam, or a con- 






N/ \N 



5«. 19 

Fig. 32. 

tinuou&beam. Two vertical parallel lines drawn close together on 
the side of a beam before it is loaded will not be parallel after it 
is loaded and bent. If they are on a convex-down portion of a 
beam, they will be closer at the top and farther apart below than 
when drawn (Fig. 32(^), and if they are on a convex-up portion, 
they will be closer below and farther apart above than when drawn 
(Fig. 32b). . ' 

The '^ fibres " on the convex side of a beam are stretched and 
therefore under tension, while those on the concave side are short- 
ened and therefore under compression. Obviously there must \ye 
some intermediate fibres which are neither stretched nor shortened, 
L e,j under neither tension nor compression. These make up 
a sheet of libres and define a surface in the beam, which surface is 
called the neutral surface of the beam. The intersection of the 
neutral surface with either side of the beam is called the neutral 
line, and its intersection with any cross-section of the beam is 
called the neutral axis of that section. Thus, if ah is a fibre that 
lias been neither lengthened nor shortened with the bending of the 
beam, then ?tn is a j)ortion of the neutral line of the beam; and, 
if 'F'f;. :V2c be taken to represent a cross-section of the beam, NX 
is the neutral axis of tin* section. 

It can be proved that ///^' ik utrul axis of any cross-section of 
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a loaded beaia passes throuyU ths center of gravity of that section , 
provided that all the forces applied to the beam are transverse, and 
that the tensile and compressive stresses at the cross-section are 
all within the elastic limit of the material of the beam. 

58. Kinds of Stress at a Cross-section of a Beam. It has 
already been explained in the j)receding article that there are ten- 
site and compressive stresses in a beam, and that the tensions are 
on the convex side of the beam and the compressions on the con- 
cave (see F\ir. iiii). The forces T and C are exerted upon the 
j>ortion of the beam represented by the adjoining j)ortion to the 





Fig. 33. 

right (not shown). These, the student is reminded, are often called 
fibre stresses. 

Besides the fibre stresses there is, in general, a shearing stress 
at every cross-sec^tion of a beam. This may be proved as follows: 

Fig. 84 represents a simple beam on end suj)|)orts which has 
actually been cut into two jjarts as shown. The two parts can 
maintain loads when in a horizontal |)osition, if forces are applied 
at the cut ends equivalent to the forces that would act there if the 
l)eam were not cut. Evidently in the solid beam there are at the 
section a compression above and a tension l>elow, and such forces 
can be applied in the cut beam by means of a short block C and a 
chain or cord T, as shown. The block furnishes the compressive 
forces and the chain the tensile forces. At first sight it appears as 
if the beam would stand up under its load after the block and 
chain have bee'ii put into place. Except in certain cases*, how- 
ever, it would not remain in a horizontal position, as would the 



* When the external shear for the section is zero. 
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6i. Value of the Resistinj^ Moment. Tf S denotes the unit- 
fibre stress in the iibre farthest from the neutral axis (the greatest 
unit-fibre stress on the cross-section), and c the distance from the 
neutral axis to the remotest fibre, while S„ S^, S„ etc., denote the 
unit-fibre stresses at points whose distances from the neutral axis 
are, respectively, y„ y^^ y,, etc. (see Fig. 30 J), then 

S : S, :: r : //,; or S, = ^'-y,. 

S S 

Als(», S, --^ ~ y,\ S, =— y« **t^*- 

T/et //„ it ,^ /^„ etc., l)e the areas of the cross -sections of the fibres 




dc 19 

Fig. 36. 

whose distances from the neutral axis are, respectively, y,, y., y„ 
etc. Then the 8tresst»s on those fibres are, respectively, 

Si </„ S, <^„ S3<^3, etc.; 

S S '*^ 

<^r, ^y/^, -3^//,, ^-y,^',, t^tc. 

Tlie arms of tliese forct^s or stresses with respect to the neutrai axis 
are, respectively, //,, //., //,, etc.; hence their moments are 

s' \ S S 

and the sum of the moments (that is, the resisting moment) is 

s s s 

—^1 y\ + -;.^^ y\ + etc. --^ ^-(^/, y\ -4- a., yl + etc.) 

Now a^ y\ r '^j y\ + etc. is the sum of the pitxlucts obtained by 
multiplying each infinitesimal part of the area of the cross-section 
by the square of its distance fnmi the neutrai axis; hence, it is the 
moment of inertia of the cross-section with respect to the neutral 

axis. If this moment is denoted by I, then the value of the resist- 

, . SI 
mg moment is — , 
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PART II. 



STRENGTH OP BEAHS— (Concluded). 
6a. First Beam Formula. As shown in tho preceding 
article^ the resisting and bending moments for any section of a 
beam are equal ; hence 

V - ^f' i^) 

all the symbols referring to the same section. This is the most 
important forninla relating to l>eams, and will be caikn^l the ''lirst 
beam formnla." 

The ratio I -^- /^ is now cpiite generally called the section 
modulus. Observe that for a given l»eani it de{)ends only on the 
dimensions of the cross-section, and not on the material or any- 
thing else. Since I is the pro<luct of four lengths (see Jirtide 51), 
I -5-c is the j)rodnct of thretv, an<l hence a section modulus can be 
expressed in units of volume. The cubic inch is practically always 
used; and in this eonnec*tion it is written thus, inches'. See Table 
A, page 54, for values of the section moduli of a few simple sections. 

63. Applications of the First Beam Formula. There are 
three princi{)al a[)plications of equation <), which will now be ex- 
plaine<l and illustrati^i. 

64. Firftt Applh'ntKm. The dimensions of a beam :in<l its 
manner of loading and support an* given, jukI it is requirtMl to 
compute the greatest unit-tensile and compressive stresses in the 
lieam. 

This j)roblem can be solved by means of ecjuation «'», written 
in this form, 

Unless otherwise stated, we assume that the beams are uniform 
in cross -s(»ct ion, as they usually are; then the section modulus 
(I : r) is the same for all sections, and S (the unit-fibre stress on 

Copyrlghf, ifiOH. by Ameriran school of CorrtupomUnce, 
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the remotest fibre) varies just as M varies, and is therefore greatest 
where M is a maximnni.* Ilenee, to compute the value of the 
greatest nuit-fibre stress in a given ease, subsfitvfe the values of 
the nectltni moduhts and the maximum hendimj moment in the 
preceding equation^ and reduce. 

If the neutral axis is equally distant from th6 highest and low- 
est fibres, then the greatest tensile and compressive unit-stresses 
are equal, and their value is S. If the neutral axis is unequally 
distant from the highest and lowest fibres, let c denote its distance 
from the nearer of the two, and S' the unit-fibre stress there. 
Then, since the unit-stresses in a cross-section are proportional to 
the distances from the neutral axis, 

S' '•' Q, c 

zr = — , or D = — 'o. 

b C C 

if the remotest fibre is on the convex side of the beam, S is- tensile 
and S' compressive; if the remotest fibre is on the concave side, S 
is compressive and S' tensile. 

h.ranijd(^. 1. A beam 10 feet long is supported at its ends, 
an<l sustains a load of 4,000 pounds two feet from the left end 
( Fig. \M^ a). If the beam is 4 X 12 inches in cross-section (the 
long side vertical as usual), compute the maximum tensile and 
com |)ressi ve u n i t - st resses. 

The section modulus of a rectangle whose base and altitude 
are b and (( respectively ( se« 1nble A, Jjage 54), is iha^; hence, 
for the beam under consiileration, the modulus is 

. / 4 / 12- - im inche^^ 

h 

To compute tht^ max i mum bending moment, we have, first, to find 
the dangerous secticui. This section is where the shear changes 
sign (see article 40); hence, we have to construct the shear dia- 
o-rain, or as much thereof as is needed to find where the chanije of 
sii£n occurs. Therefore we need the values of the reaction. 
Neglecting the weight of the beam, the moment equation with 
origin at ( ' ( Kig. H7, <<) is 

R, / 10 4,000 X H r-= 0, or R, -- .^200 jmunds 

* Ncn^K. Because H is fs^reatest in the section where M is maximum, this 
section is usually called the " dangerous section" of the l>eam. 
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Then, constructing the shear diairrani. we see (Fig. 37, J) that the 
change of sign of the shear (also the dangenmH section) is at the 
load. ThH value of the bending inonient there is 

;j.200 X 2 = f»,400 foot.i>oundfl, 
or 6,400 X 12 ^ 7)>,H0I) inch-jKinnds. 

Subslitnting in equation C>', we find that 

■ ^ ~ — Sk — ~ ^^^ i)Onnda pr sijunre inch. 
4000lbs. 

!«— 2'— A 6' -5* 



c'(b) 




o" (c) 



inl the Wi'i^lil oT the lieuin 
e lieiun ti) lie wooden. 



ha n 
2. It isdes -d t t ke t 
in the precetiing » | le 1 1 fj i 
The volume f tl e Itea a 

and uuppOHing the tiinl<er to weiffh 45 |M)nnda jier i-nliic foot, the 
beam weighs 130 ]Kiuiid!( (itiaiguitifiuit e(iin[iun-d lo tlie loadj. 
The left reaction, theref<n-i-, iw 

3,200 +(-,- X loOj = 3,275 ; 
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and tlio slu'jir diatrraiti looks like Fig. 37, /•, the shear changing 
sign at the load as befon*. The weight of the beam to the left of 
the danferons section is Hi) ])onn<ls; henc^; (he niaxinuim bending 
moment eqnals 

8,275 X 2 Hi) X 1 = (),520 foot-jwunds, 
or r>,520 X 12 = 78,240 inch-pounds. 

Substituting in e(juation (>', we find that 

S =: - - . — hh) j)ound8 j)er square inch. 

Tlu^ weight of the beam therefore increases the unit-stress pro- 
duced by the load at the dangerous section by 15 jKDunds per 
s(juare inch. 

3. A T-bar (see Fig. 38) 8 feet h)ng and supjwrted at each 



[ 



N 



ITIT" ^'^J? bears a uniform load of 1,2()0 

_ cf |^])ounds. The moment of inertia of its 

I cross-section with respect to the neu- 

^ tral axis being 2.42 . inches*, compute 

cvi the maximum tensile and compressive 

— »- unit-stresses in the beam 



^" • Evidently the dangenms section 

is in tlie middle, and the value of the maximum bending moment 
(see Table ]>, ])age 55, Part i) is J AV/, AV and / denoting the load 

and leniTtli resjieetivelv. Here 



s 



^\/ : ^ X 1,200 X >< =- 1,200 foot.])ound8, 



or 1,200 -12 -14,400 iiich-pounds. 

Tlu' section iiiodiilus (Mjiials 2.42 -r 2.28 --. 1.00; hence 

14,400 



S 



l.or> 



13,585 ] rounds jht s([uare inch. 



This is the unit-fibre stress on the lowest fibre at the middle sec- 
tion, and hence is tensile. On the highest fibre at the middle 
section the nnit-stress is conijjressive, and e(|uals (see page G2): 

0.72 
S' r-z ■■ S Z-- ^-j- X 13,585 ~ 4,200 pounds j)er square inch. 
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EXAMPLES FOR PRACTICE. 

1. A beam 12 fet^t loiiix ami 0x12 incln^s in cross-sirlion 
rests on end supports, and siisUiins a load of .'^,000 |)()un(Is in tlu' 
middle. Compute the greatest tensile nn<l eoTiipivssive unit- 
stresses in the lieam, negleetinc; tlio weight of the beam. 

Ans. 750 ])ounils ])t»r scjuare inch. 

2. Solve the preceding example taking into account the 
weight of the beam, iHM) jyounds 

Ans. 7S7.5 pounds jR.»r scjuare inch. 

3. Suppose that a built-in cantilever ])ro jeets 5 fcc»t from the 
wall and sustains an end load of 250 pounds. The: cross-section of 
the cantilever being represente<l in Fig. .3S, compute the gn»atest 
tensile and compressive unit-stresses, and tell at what jihices they 
occur. (Xeglect the weight.) 

j Tensile, 4,-i»*)9 pounds j)er s(juan» inch. 

/ Compressive, 14,150 •* " »• ** 

4. Compute the greatest tensile and compn^ssive unit-strt»sses 
in the beam of Fijj. Is, r^ due to the loaddand the wciidit of i>eam 
(400 pounds). (A moment diagram is re])n'sent(Ml in Tig. Is, />; 
for description see example 2, Art. 44, p. iV.K) Tlii> section of 
the beam is a rectangle S X 12 inches. 

Ans. 5S0 jM)unds pt*r scpiare inch. 

5. Compute the greatest tensile and compressive unit-strc^si's 
in the cantilever Wam of Fii£. 11*, f. it beini'a stccI Ihcain whosi* 
section modulus is 20.4 inches'. ( A heiidini; nionicnt diairr;iiii for 
it ia represented in Fig. 10, /// for descrij)tion, see K\. :^ Art. 4 I.) 

Ans. 11,470 poinnls per sipian^ inch. 

6. Compute the greatest tensile and coiriprrssivc uiiil-strcsses 
in the beam of Fitr. 10, neHi^ctintx its wciirlit, tlic cross-sections 
iKMng rectangular / 12 inches. (Sec example for pnnMico 1, 
Art. 43.) 

Ans. r)On poumls pi'r s(Hiare inch. 

65. SrromI Ajfjth'rffffftfi, Tlie dimensions and thi* work- 
ing strengths of a btMim are given, and it is re«|uired to tlelermine 
its safe losid (the manner of application heing givi'ii). 

This problem can be solved hy means of ejpiation (I written 
in this form, 

M-.^ (6") 



c 
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VT- »u -»?:!:•::* f-r > 'he jr^m wurkins strenctli for tin* ina- 
'.'-'ixl uf tL«r l»-a!i*, a:-«i f«ir I and *■ ilifir valuta as euin|nited from 
:Lt* £r-'='«"2 •iiriira^iu::? of the crofs-seoiiun ; then reduce, thus 
• •Sta:n:r»ij iLe value of the safe rvsisting moment of the beam, 
vLioh r\p^? the £:r^ate$t safe bending moment that the beam can 
^:a:id- We next ojmp»ute the ralne of the maximum bending 
rr.t.iment ia terms of the unknown load: ei]uate tliis to the value 
«'f the rt^istincr monient previously found: and solve for the 
uckm^wn kvid. 

In oast iron, the tensile and compressive strengths are very 
ilitTerent: and the smaller (the tensile) should alwavs be used if 
the neutral surfa^^e of the beam is midway between the top and 
Ujttom of the beam: but if it is unequally distant from the top 
ai. I lH>ttom, pn^Kved as in example 4, following. 

Kjr*tt,fj*hx, 1. A woo»ien beam 1"2 feet long and 6 X 12 
inehes in cross -seetioa rests on end supports. If its working 
strength is >^N> j»ounds jvr square inch«how large a load uniformly 
distributed can it sustain 5 

The Section modulus is J'w-\ h and *i denoting the base and 
altitude of the section .see Table A, |>age 54 1; and here 

1 ;../ . 1 X »» \ 1-2-* =- 144 inches\ 

Hence S -- -= NH) x 144 =^ 115,2()<1 inch-jwunds. 

Ww ;; U-ain on end supj>orts and sustaining a uniform load, the 
rfi.txiiiium InMiding nuMiient espials iW/ ^ see Table 13, j)age 55), 
W deinitihiX the sum of the load and weiirht of beam, and / the 
hMii/th. If W is expressinJ in jx>unds, then 

.. ^V/ -. W • VI foot-pouuils -- - W X 144 inch-iK)und8. 

llcncc, c«|nating th** two values of iiuixiinuin l>ending moment 
and the safe resistihiX inouient, we tret 

J W . 144 --^ 115,J(Mi: 

115,200 X S 
pr, \\ z= - — (),400 ]>ound8. 
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Tlie safe load for the beaiii is 0,4()() jxiunds iiiinus the weight of 
the heam. 

2. A steel I-beam whose section iiiodulus is 20.4 inches* 
rests on end supports 15 feet apirt. KeglectinjT the weight of the 
beam, how large a load may be j)laced u{)on it 5 feet from one end, 
if the working strength is 1(),00() pounds j>er square inch? 

The safe resisting moment is 

SI 
- = 10,000 X 20.4 = 320,400 inch-pounds; 

hence the bending moment must not exceed that value. The 
dangerous section is under the load; and if P denotes the unknown 
value of the load in pounds, the maximum moment (see Table B, 
{>age 55, Part I) eijuals § P X 5 foot-j)Ound8, or § P X 00 inch- 
pounds. Equating values of bending and resisting moments, 
we get 

I P X 60 -- 320,400; 



or. 



326,400 X 3 
^=~Y'xW" ^ ' pounds. 



3. In the preceding example, it is required to take into 
account the weight of the beam. 375 jx)unds. 



5'- 



lo^ 



} 



Fig. 39. 



As we do not know the value of the safe load, we cannot con- 
struct the shear diagrram and thus determine where the daufrerous 
section is. But in cases like this, where the distributeil load (the 
weight) is small compared with the concentrated load, the dan- 
gerous section is practically always wnere it is under the concen- 
trated load alone; in this case, at the load. The reactions due to 
the weight equal i X 375 = 187.5; and the reactions due to the 
load equal J P and § P, P denoting the value of the load. The 
larger reaction II, (Fig. 30) hence eijuals | P + 187.5. Since 
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tlie weiglit of the beam per foot is 375 -^ 15 = 25 pouuds, the 
iiiaxiinuni beiidincr moment (at the load) equals 

( |p t 187.5)5- (25 X 5)2^ = 

~ r + ^>37.5 - 312.5 = ^^- P + 025. 

This is in foot-pounds if P is in pounds. 

The safe resisting moment is the same as in the preceding 
illustration, 32r),40() inch-pounds; hence 

( .y P + 025) 12 = 320,400. 

Solving for P, we have 

10 _ 320,400 
-1 +b.o j2 ' 

10 1' + 025 X a = 32M00XJ} _ g^ g^^^. 

10 Pr=7t),725; 

or, P - 7,972.5 pounds. 

It remains to test our assumption that the dangerous section 
is at the load. This can be done by com])Uting R, (with P = 
7,1)72.5), constructing the shear diagram, and noting where the 
shear changes sign. It will be found that the shear changes sign 
at the load, thus verifying the assumption. 

4. A cast-iron built-in cantilever beam projects 8 feet from 
the wall. Its cross-section is represented in Fig. 40, and the 

moment of inertia with respect to 

I tf> the neutral axis is 50 inches*; the 



N 



to 



^-N working strengths in tension and 

compression are 2,000 and 9,000 

— , ^ pounds per square inch respect- 

— ' *— ively. Compute the safe uniform 

load which the beam can sustain, 
neirlectintr the weight of the beam. 

The beam being convex up, the upper fibres are in tension 
and the lower in compression. The resisting moment (SI -t- c), 
as determined by the compressive strength, is 
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9,000 X 50 ,.„.„^. , , 
j-^ = 100,000 inch-pounds; 

and the resisting moment, as determined by the tensile strength, is 

2,000 X 50 . 

j^-s = 40.000 inch-pounds. 

Hence the safe resisting moment is the lesser of these two, or 
40,000 inch-pounds. The dangerous section is at the wall (see 
Table B, page 55), and the value of the maximum bending 
moment is i \W, W denoting the load and / the length. If AV is 
in pounds, then 

M = i W X 8 foot-pounds = J W X 00 inch-pounds. 
Equating bending and resisting moments, we have 

i-W X li(3 = 40,000; 

40,000 X 2 
or, \V = J—, r-^ S;j:3 pounds. 

EXAMPLES FOR PRACTICE. 

1. An 8 X 8-inch timber projects 8 feet from a wall. If its 
working strength is 1,000 ])ounds per square inch, how large an 
end load can it safely sustain ? 

A us. 81 K) pounds, 

2. A beam 12 feet long and 8 x 1^> indues in cross-section, 
on (»nd supports, sustains two Icuids P, each H feet from its en<ls 
respectively. The working strength being 1,000 pounds per square 
inch, compute P (see Table B, ]>age 55). 

Ans. 0,480 pounds. 

3. An I-beam weighing 25 pounds ])er foot rests on end 
supports 20 feet apart. Its section modulus is 20.4 inches*, and 
its working strength 1(),000 pounds j>er square inch. Compute 
the safe uniform load which it can sustain. 

Ans. 10,880 pounds- 
66. Th'trd Appl'trnthnt, The loads, manner of suj)port, 
and working strength of beam are given, and it is required to de- 
termine the size of cross-section ntH'essarv to sustain the load 
safely, that is, to *' design the beam/' 
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Ti) solve this problem, we use the first beam formula (eijuation 
6), written in this form, 

2 _M. (6") 

c ~~ S 
We first determine the maximum bendinjT moment, and then sub- 
stitute its value for M, and the workino; strenf^th for S. Then we 
have the value of the section modulus (I -f- r) of the required 
beam. Many cross-sections can be designed, all havincr a given 
section modulus. Which one is to l)e selected as most suitable will 
dejHMid on the circumstances attending the use of the beam and 
on considerations of economy. 

K.vainjfhs, 1. A timl)er beam is to be used for sustaining 
a uniform h)ad of 1,500 pounds, the distance l)et ween the supyK>rts 
being 20 feet. If the working strength of the timber is 1,(X)0 j)Ound3 
per 8(]uare inch, what is the necessary size of cross-section ? 

The dancjerous section is at the middle of the beam; and the 
maximum bending uioment (see Table B, page 55) is 

-^-W/ :r^ ^- X 1,500 X 20 = 3,750 foot-pounds, 

or H,750 X 12 =^^ 45,000 inch-jwunds. 

1 45,000 ^ . , 

Hence — = -t iwwv =^ ^^^ lnches^ 

c i,lH Hi 

Now the section modulus of a rectangle is \ha^ (see Table A, 

])Hge 54, Part I); therefore, \hir = 45, or h*r = 270. 

Any wooden beam (safe strength 1,000 pounds ])er square 
inch) whose breadth times its depth square equals or exceeds 270, 
is strong enough to sustain the load specified, 1,500 pounds. 

To (h^termiiu* a size, we may choose any value for h or ^, and 
solve the last eijuation for the unknown dimension. It is best, 
however, to select a value of the breadth, as 1, 2, 3, or 4 inches, 
and solve for (f. Thus, if we try h ^= 1 inch, we have 

o- z=r. 270, or a = 10.43 inches. 
This would mean a board 1 X 1^ inches, which, if U8e<l, would 
hav(» to be supported sidewise so as to ])revent it from tipping or 
** buckling." Ordinarily, this would not be a good size. 

Next try h "1 inches; we have 
2 / ir . 270; ,x ii -= I 270~: 2 -- 11.02 inches. 
This v/ould rcciuire a plank 2 / 12, a better proportion than the 
first. Trying h =-- 3 inches, we have 
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3 X a^ = 270; or a ■■= i '270 :- 8 -= 0.4:0 inches. 

This woiikl require a plank 3 X 10 inches; and a choice between 
a 2 X 12 and a 3 X 10 plank would be governed by circumstances 
in the case of an actual construction. 

It will Ixj noticed that we have neglected the weight of the 
l»eam. Since the dimensions of wooden beams are not fractional, 
and we have to select a commercial size next larjrer than the one 
computed (12 inches instead of 11.62 inches, for example), the 
additional depth is usually sufficient to provide strength for the 
weight of the beam. If there is any doubt in the matter, we ciin 
settle it by computing the maximum bending moment including 
the weight of the beam, and then computing the greatest unitfibre 
stress due to load and weight. If this is less than the safe strength, 
the section is large enough; if greater, the section is too small. 

Thus, let us determine whether the 2 X 12-inch ])lank is 
strong enough to sustain the load and its own weight. The plank 
will weigh aliout 120 pounds, making a total load of 

1,500 + 120 = 1,620 pounds. 

Hence the maximum bending moment is 

-I- W/ = —1,620 X 20 X 12 =- 4S,60O inch-i)oun<ls. 

Ho ' 

Since — = -r.- ha' =-- -r^X 2 X 12'^ = 48, and S -r .. 
ebb '1 :-<•' 

48,600 ^ ^ , 
S = — j^— -- 1,013 pounds per square indi. 

Strictly, therefore, the 2 X 12-inch ])lank is not large enough; l)ut 
as the greatest unit-stress in it would })e only 13 pounds jht square 
inch too large, its use would be permissible. 

2. What size of steel I-beam is needed to sustain safely the 

4 

loading of P'ig. if the safe strength of the steel is lO.OOO pounds 
jH*r scjuare inch ? 

The maximum bending moment due to tht* loads was found 
in examj)le 1, Art. 43, to be 8,800 foot-j)ounds, or 8,SO0 x l*^* ^= 
105,6<K) inch-pounds. 

I 105,000 

ilence — = Tiww^ "= ^-b inchest 

r lb,000 

Tliat is, an I-l)eam is needed whose stvtion modulus is a little 
lartrer than 6.6, to provide strenirth for its own wei<rht. 
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To ^Ai^'X a size, we need a descriptive table of I-beams, such 
as is juiblishtH.! in haudlxxiks on structural steel. 

Below is an abridged copy of such a table. (The last two columns con- 
tain information for u.^io later.) The figure illustrates a cross-section of an 
I-beam, and shows the axes referred to in the table. 

It will l)e noticed that two sizes are given for each depth; 
these are the lij^htest and heaviest of eacli size that are made, but 
intermediate sizes can be secured. In column 5 we find 7.3 as the 
ne.xt larcrer si'ction modulus than the one required (0.6); and this 
corresjyonds to a 12^-jK)und 6-inch I-lx?am, which is probably the 
j)n)j)er size. To ascertain whether the excess (7.3-6.6 = 0.70) 
in thestH'tion modulus is sufficient to provide for the weight of the 
lK*am, we might jmK'i*t»d as in examjJe 1. In this cAse, however, 
the excess is (juite large, and the beam selected is doubtless safe. 

TABLE C. 
Properties of Standard l-Beams 

t; 

S(^tion of beam, showiuf? axes 1-1 niid 2-2. 
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EXAMPLES FOR PRACTICE. 

1. Determine the size of a wooden beam which can safely 
sustain a middle load of 2,000 pounds, if the beam rests on end 
supports 16 feet apart, and its working strength is 1,000 pounds 
per square inch. Assume width inches. 

Ans. G X 10 inches. 

2. What sized steel I-beam is needed to sustain safely a 
uniform load of 200,000 pounds, if it rests on end supports 10 
feet apart, and its working strength is 16,000 pounds per square 
inch? 

Ans. 100-pound 24-inch. 

3. What sized steel I-beam is needed to sustain safely the 
loading of Fig. 10, if its working strength is 16,000 pounds per 
square inch ? 

Ans. 14.75-pound 5-inch. 

67. Laws of Strength of Beams. The strength of a beam is 
measured by the bending moment that it can safely withstand; or, 
since bending and resisting moments are equal, by its safe resist- 
ing moment (SI -^ c). Hence the safe strength of a beam varies 
(1) directly as the working fibre strength of its material, and (2j 
directly as the section modulus of its cross-section. For beams 
rectangular in cross-section (as wooden beams), the section modu- 
lus is |i^r, 7j and a denoting the breadth and altitude of the 
rectangle. Hence the strength of such beams varies also directly 
as the breadth, and as the square of the depth. Thus, doubling 
the breadth of the section for a rectangular beam doubles the 
strength, but doubling the dej)th quadruples the strength. 

The safe load that a beam can sustain varies directly as its 
resisting moment, and depends on the way in which the load is 
distributed and how the beam is supported. Thus, in the first 
four and last two cases of the table on page 55, 
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Tbervforv the ?*ff I*Dfib»l in all cast^ varies inversely with the 
letiirth: anJ fi>r the ditfen^nt cases the safe loads are as 1, 2, 4, 8, 
^. and l:i resjirtrti^rly. 

/i'-r»»#i.^*/^. AVhat is the ratio of the strentrths of a plank 2 X 
lo inches when placed edgewise and when placed flatwise on its 
supports ! 

When placed ed^jewiie, the section uiodulus of the plank is 
; ^ 2 . l»^^ ^- 33J. and when plai^vtl flatwise it is J / 1(» X 2^-^ 
t^|: hence its strenirtLs in the two positions are as 33^ to G| 
re^nectivelv. or as 5 to 1. 

EXAMPLE PW PRACTICE. 

What is the ratio of the safe loads for two l>eanis of wood, 

one Ivinv; 10 ftvt uHi%r, 3 - 12 inches in section, and liavincr its load 

in the middle: and the other > feet long and 2 ^ S inches in section, 

with its Kvid uniforuiiy distributed. 

Ans. As 135 to 100. 

^8k Modulus of Rupture. If a lieani is loadeii to dtnstmctiou, 

ami the value of the Wndinix moment for the rupture stage is 

computt^l and suWtituit^i for M in the formula SI -r- r = M, then 

the v»Iue of > cv^u:{ uttd fn^m the e*|uation is the modulus of 

rupture for the ir.attTi*^! of the Kurii. Many ex[»eriments have 

l^et^i j'^^rforiutd to a^o^-rtaiti the ii:«xluii of rupture for different 

niaterials and for ditfervnt ixradtn? of the same material. The fol- 

owii.g ar^' f;tir v:4'ut<, all in |<>uuds jit:T s*juare inch: 

TABLE D. 



l.oti: It\^f rjnt\ lOjXX> lt>AX\\ - \±xA%\ 
K\i^t t.'v/' v>t-,. ^^..,i ..f.., jj.^jf f,, iwolind 
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Wrouglit iron and structural steels have no modulus of rup- 
ture, as specimens of those materials will '• bend double," but not 
break. The modulus of rupture of a material is used principally 
as a basis for determining its working strength. The fatior of 
safetij iff a Iffaded heaifi is compnted by dlviduttj the imtdnlus 
of rupture of its material hy the tjreatest ujiit-Hhre stress in 
the beam. 

69. The Resisting: f hear. The shearing stress on a cross- 
section of a loaded beam is not a uniform stress; that is, it is not 
uniformly distributed over the section. In fact the intensity or 
unit-stress is actually zero on the highest and lowest fihn»s of a 
cross -section, and is greatest, in such beams as are used in y)rac- 
tice, on fibres at the neutral axis. In the following article we 
explain how to find the maximum value in two cases — cases which 
are practically imj)ortant. 

70. Second Beam Formula. Tx^t Sy denote the average 
value of the unit-shearing stress on a cross-section of a loaded 
beam, and A the area of the cross-section. Then the value of the 
whole shearing stress on the section is : 

Resisting shear = S^, A. 

Since the resisting shear and the external shear at any section of a 
beam are equal (see Art. 59), 

S. A - V. (7) 

Tliis is called the ''second beam formula " It is used to investi- 
gate and to design for shear in })eanis. 

In beams uniform in cross-section, A is constant, and Sg ig 
greatest in the section for which V is gn^atest. Hence the great- 
est unit-shearing stress in a loaded beam is at the neutral axis of 
the section at which the external shear is a maximum. There is 
a formula*for computing this maximum value in any case, but it 
is not simple, and we give a simj)ler method for computing the 
value in the two practically important cases: 

1. In wooden l)oanis (rcK'tangular or square in crass-section \ the 
jjreatest unit-shearing stress in a section is r)0 per cent larger than the average 
value S,. 

2. In I-l>eanis, and in others with a thin vertical web, thr greatest 
unit-shearing stress in a section practically e<iuals S„ as given by equation 7, 
if the area of the web is substituted for A. 
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E,rtniiplcH. 1. What is the greatest value of the unit- 
shearing stress in a wooden beam 12 feet long and (> X 12 inches in 
cross-section when resting on end supports and sustaining a uni- 
form load of 0,400 pounds 'i (This is the safe load as determined 
by working fibre stress; see example 1, Art. 65.) 

The maximum external shear equals one-half the load (see 
Table B, pag^ 55), and comes on the sections near the supports. 

Since A = X 12 -— 72 square inches; 

3,200 
S^ -- --^- = 44 pounds per square inch, 

and the greatest unit-shearing stress equals 

3 3 

o" ^s ^= "o "^"^ ^^ ^^^^ pounds t)er square inch. 

<v AW 

Apj)arent]y this is very insignificant; but it is not negligible, as 
is explained in the next article. 

2. A steel I-beam resting on end supports 15 feet apart 
sustains a load of S.OOO pounds 5 feet from one end. The w-eight 
of the beam is 375 ]>ounds, and the area of its web section is 3.2 
square inches. (This is the beam and load described in examples 
2 and 3, Art. 05.) What is the greatest unit-shearing stress '( 

The maximum external shear occurs near the support where 
the reaction is the greater, and its value equals that reaction. 
Calling that reaction R, and taking moments about the other end 
of the beam, we have 

R X 15 - 375 xT-zr - ^.000 X 10 = 0; 

therefore 15 R == 80,000 + 2,812.5 = 82,812.5; 

or, R = 5,520.8 pounds. 

5 520 <S 
Hence Sg ==--- '^^^— = 1,725 pounds per square inch. 

EXAMPLES FOR PRACTICE. 

1. A wooden beam 10 feet long and 2 X 10 inches in cross- 
section sustains a middle load of 1,000 pounds. Neglecting the 
weight of the beam, compute the value of the greatest unit-shearing 

stress. 

Ans. 37.5 pounds per square inch. 
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2. Solvo the precedinjT exaniplo taking into account tlie 
weight of the beam, GO pounds. 

Ans. 40 pounds per square inch. 

3. A wooden l)eam 12 feet long and 4 X 12 inches in cross- 
section sustains a load of 3,000 pounds 4 feet from one end. 
Neglecting the weight of the beam, comj)Ute the value of the 
greatest shearing unit-stress. 

Ans. 02.5 pounds per square inch. 

71. Horizontal Shear. It can ])e proved that there is a 
shearing stress on every horizontal section of a loaded beam. An 
experimental explanation will have to suffice here. Imagine a 
pile of six boards of e([ual length supported so that they do not 
bend. If the intermediate supports are removed, they will bend 
and their ends will not be flush but somewhat as represented in 
Ficr. 41. This indicates that the boards slid over each other durincr 
the bending, and hence there was a rubbing and a frictional re- 
sistance exerted by the boards upon each other. Now, when a 
solid beam is being bent, there is an exactly similar tendency for 
the horizontal layers to slide over each other; and, instead of a 
frictional resistance, there exists shearing stress on all horizontal 
sections of the beam. 

In the pile of boards the amount of slipping is different at 
different places between any two boards, being greatest near the 
su])|)orts and zero midway between them. Also, in any cross- 
section the slipj)age is least between the upper two and lower two 
boards, and is greatest between the middle two. These facts indi- 
cate that the shearintr unit-stress on horizontal sections of a solid 
beam is greatest in the neutral surface at the supj)orts. 

It can be provtnl that at any place in a beam the shearing 
unit-stresses on a horizontal and on a vertical section are ecpial. 





Fig. 41. Pig. 42. 

It follows that the horizontal shearing unit-stress is greatest at the 
neutral axis of the section for which the external shear (V) is a 
maximum. Wood being very weak in shear along the grain, 
timber beams sometimes fail under shear, the "rupture" being 
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twf) liorizoutiil cracks nhmtr tlie neutral surface somewhat as rej)- 
rcscutcd in Fi<{. 12. It is tlierefore necessary, when dealincr with 
limlKM' beams, to irive due attention to their strenjrth as determined 
hy the working strenfrtli of the material in shear along the grain. 

h\iunnjth . A wcKKlen beam 3 X 10 inches in cross-section 
rests on end suj)j)ort8 and sustains a uniform load of 4,(MM) ])Ounds 
Compute the greatest horizontal unit-stress in the l)eam. 

The maximum shear etjuals one-half the load (see Table I>, 
page 55 ), or 'J.OOO ]>ounds. Hence, by equation 7, sinc^ A = 
i\ >. 10 ;5() square inches, 

2,000 _2 
^!^ ^^ u\ ''~ ^^^*'T 1>^>^^**^^ l^** square inch. 

This is the average sliearing uni -stress on the cn)ss-sections near 
the sii|>ports; and tlie greatest value equals 

~w) ' ^'^'"ir ^= 100 pounds ])er square inch. 

Accordinix to the forecjoint/, this is also die value of the 
greatest horizontal shearing unit-stress. (If of white pine, for 
example, the beam would not i)e regarde<l as safe, since the ulti- 
mate shearing strength ah)ng the grain of selected pine is only 
about 400 pounds per square inch.) 

72. Desij^n of Timber Beams. In any case we may ]>ro- 
eivd as follows: — (1) Determine the dimensions of the cross- 
section of the beam from a consideration of the fibre stresses as 
explained in Art. (><>. (2) With dimensions thus determined, com- 
pnte tlie value of the trivatest shearincr unit-stress from the rormula, 

3 

(ireatest shearincr nnit-stress = -r- V -r- ad, 

where V denotes tlie maximum external shear in the beam, and 
/> and tf the breadth anil de[)th of the cross-section. 

If the value of the greatest shearing unit-stress so computed 
do(»s not exceed the working strength in shear along the grain, 
then the dimensions are large enough; ])ut if it exceeds that value, 
then 'f or />, or both, should be increased until 3 V -r- ab is less 
than thi* working strength. I><»cause timber beams are very often 
*' season ehecketr' (cracked) ah)ncp the neutral surface, it is advis- 
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able to take the working strength of wooden beams, in shear along 
the grain, quite low. One-twentieth of the working fibre strength 
has been recommended* for all j)ine beams. 

If the working strength in shear is taken equal to one- 
twentieth the working fibre strength, then it can be shown that, 

1. For a beam on end supports loaded in the middle, the safe load de- 
pends on the shearing or fibre strength according as the ratio of length to 
depth (/ -5- fl) is less or greater than 10. 

2. For a beam on end supports uniformly loaded, the safe load depends 
on the shearing or fibre strength according as / -^ a is less or greater than 20. 

EocampleH, 1. It is required to design a timber beam to sus- 
tain loads as represented in Fig. 11, the working fibre strength 
being 550 pounds and the working shearing strength 50 pounds 
per square inch. 

The maximum bending moment (see example for practice 3, 
Art. 43; and example for practice 2, Art. 44) equals practically 
7,000 foot-pounds or, 7,000 X 12 = 84,000 inch-pounds. 
Hence, according to equation 6'", 

— = '^ = 152.7 inches'. 
c 550 

Since for a rectangle 

» 

c o 
4- ha} = 152.7, or 111" = 916.2. 

Now, if we let J = 4, then a^ = 229; 

or, a = 15.1 (practically IG) inches. 

If, again, we let h = G, then u^ — 152.7; 

or a = 12.4 (practically 13) inches. 

Either of these sizes will answer so far as fibre stress is concerned, 
but there is more ''tiin])er'' in the second. 

The maximum external shear in the beam equals 1,556 
pounds, neglecting the weight of the beam (see example 3, Art. 
37; and exumple 2, Art. 3S). Therefore, for a 4 X IG-inch beam, 

* See " Materials of Construction."— Johnson. Page 55. 
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73. Kinds of Loads and Beams. We shall now discuss the 
streugth of beams under longitudinal forces (acting parallel to 
the beam) and transverse loads. The loncritudinal forces are 
BupjKjsed to be applied at the ends of the beams and along the axis* 
of the beam in each case. AVe consider only beams resting on 
end supports. 

The transverse forces produce bending or flexure, and the 
longitudinal or end forces, if pulls, produce tension in the beam; 
if pushes, they produce compression. Hence the cases to be con- 
sidered may be called ^' Combined Flexure and Tension " and 
"(.ombined Flexure and Compression." 

74. Flexure and Tension. Let Fig. 43, a, represent a beam 
subjected to the transverse loads L„ L^ and L3, and to two equal 
end pulls P and P. The reactions K, and R.^ are due to the trans- 
verse loads and can be computed by the methods of moments just 
as though there were no end pulls. To find the stresses at any 
cross- section, we determine those due to the transverse forces 
(Lj, L.,, L,, R, and R^) and those due to the longitudinal; then 
combine these stresses to get the total effect of all the applied 
forces. 

The stress due to the transverse forces consists of a shearing 
Btrees and a fibre stress; it will be called the flexural stress. The 
fibre stress is compressive above and tensile below. Let M denote 
the value of the bending moment at the section considered; c\ and 
/• the distances from the neutral axis to the hicrhest and the low- 
est fibre in the section; and S, and S, the corresponding unit-fibre 
stresses due to the transverse loads. Then 

IS, = — ^p- ; and o, = —j- . 

ITie stress due to the end pulls is a simple tension, and it equals 
P; this is sometimes called the direct stress. Let IS,^ denote the 
unit-tension due to P, and A the area of the cross-section; then 

s - ^ 

Both systems of loads to the left of a section between L, and 



* SrrvK. "By "axis of a beam " is meant the line thruugh the centers of 
gravity of all the cross-sections. 
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S, ■- S^. S,, (tensile); 
jiiid that oil the iij)j)er tii)re is 

Sj, - JS, ; S^, (compressive). 
The eonibined lihre stress is represented by Fig. 44, </, and is j«rt 
tensiU* iind j>art compressive. 

(•J) The ilexiiral unit-stress on the lower tihre is less than 
the direct unit-stress; tliat is, S. is less than S^,. Then the eoiu- 
l)ine<l unit-str(»ss on llie h>\ver fibre is 

S^ :- :: S,, - S. ( coui prcssi vc ) ', 
and tliat on the nj)j>er fibre is 

»^o -- •^o ■ '^i (t'ompressive). 
The combined fibre stress is represented by 
Fit^:. 44, /^ and is all compressive. 

.h\cf(injpli\ A |>iece of timber i\ X ^) 
inclu»s, and 10 feet lonir, is subjected to end 
pushes of U,(KK) j)ounds. It is supported in 
a horizontal j)osition at its ends, and sustains 
a middle load of 400 pounds. Compute the 
rnini>iii('d fibre stresses. . 

KvidtMitlv the (lanireroiis section is at the 
middle, an«l M \ IV; that is, 

1 



Fig. 44. 
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M 



1.000 



I' 



\ 



Kin 1(1 



1,000 foot-j)ouud8, 



VI rj,000 inch-pounds. 
.*) inches, and 

r, f"'" - -\T, .' <> X 0' ^-. lO.s inches\ 
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r^>,ooo > 8 ^ 1 

S, los ~ ~ '^•^•^"TT }><>"»ds j>er square inch. 

T) ;■ () '.M\ sijuare inches, 
0,000 



'M\ 



'ioO pounds per scjuare inch. 



lienci* the oicMtest \ahir of the combined com])ressive stress is 






^!50 '^"^•^.» ]>ounds J )er square inch. 
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It occurs oil the npper fibres of the middle section. The greatest 
value of the combined tensile stress is 

S, - S„ = 338 .p - 250 = 83-7r wunds per scniare inch. 
It occurs on the lowest fibres of the middle section. 

EXAMPLE FOR PRACTICE. 

Chaiif^e the load of the ]>receding illnstratioii to a uniform 

l(m<l and solve. 

^ Sc =^ 417 jK>und8 per square inch. 

I S,, = 83 " '• '• '• (comj)re8Rion). 

76. Combined Flexural and Direct Stress by flore Exact 
Formulas. The results in the preceding articles are only a{>proxi- 

mately correct. Imagine thc^ 

L, p beam re]>reaented in Fig. 4o, <', 

^ __--^^^^^:^ ' to ])e first loaded with the trans- 

^ verse loads alone. They cause 

the beam to bend more or less, 

p lJ 1^»_.— --nP ^"^ ])roduce certain fiexural 

^g-'^i ^r '^^ ^-"^ stress^g at each section of thc^ 

"*^ beam. Nauv~if <^*"^' ])ulls are 

Fig. 45. 1 . 1 1 V 1 1 

applied they tend to straighten 

the l)eam and hence dfmiiMjfll the flexural stn^sses. This effect 
of the end pulls was omitted in the discussion of Art. 74, and 
the results there given are therefore only approximate, the 
value of the greatest combined fi]>re unit-stress (S^) being too 
large. On the other hand, if the end forces are pushes, they in- 
crease the bending, and therefore increase the flexural fibre stresses 
already caused by the transverse forces (see Fig. 4'), h). The 
results indicated in Art. To must therefore in this case also be 
regarded as only approximate, the value of the greatest unit- 
fibre stress (S^.) being too small. 

For beams loaded in the middle or with a uniform load, the 
following formulas, which take into account the flexural effect of 
the end forces, may be used : 

M denotes ])ending moment at the middle section of the beam; 

I denotes the moment of inertia of the middle section with 
reaoect to the neutral axis; 
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Sp S^, (\ and r., have the sauie ineaniDgs as in Arts. 74 and 
75, but refer always to the middle section : 

/ denotes length of the beam ; 

E is a number depending on the stiifness of the material, the 
average values of which are, for timber, 1,500,000; and for struc- 
tural steel 30,000,000.* 

S.. __i^_,and S.= ^^'-' 



lOE lOE 

The plus sign is to be used when the end forces P are pulls, and 
the minus sign when they are pushes. 

It must l)e remembered that S, and S, are Hexural unit- 
stresses. The combination of these and the direct unit-stress is 
made exactly as in articles 74 and 75. 

Jixawj)/eji. 1. It is required to apply the formulas of this 
article to the example of article 74. 

As explained in the example referred to, M = 108,000 inch- 
pounds; r^= c^= 3 inches; and I = 36 inchest 
Now, since / = 12 feet = 144 inches, 

^ ^ 108, 00 X 3 324,000 

^^ = ^» =^ 4 5, 000 X 144^ = 36 +"3.11 = ^'^84 i>ounds 

^^' "^ 10 X 30,000,000 
per square inch, as compared with 9,000 pounds per scjuare inch, 
the result reached by the use of the approximate formula. 
As before, So = 3,750 pounds per square inch; hence 

S^, = 8,284- 3,750 = 4,534 pounds per square inch; 
and St = 8,284 + 3,750 = 12,034 '' " ^' 

2. It is required to apply the formulas of this article to the 
example of article 75. 

As explained in that example, 

M ^ 12,000 inch-pounds; 
''i -^ ''- '^ inches, and 1 108 inches*. 
Now, since / 120 inches, 

12,000 . 3 3r,,000 

"^^ \0S ^M)00 .;;i2(H m-HM -^^^2 iKUinds 

10 X 1,500,000 



♦ Note. This quantity " E " is nioro fully explained in Article 95. 
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per square inch, as compared with 833^ pounds per sc^uare inch, 
the result reached by use of the approximate method. 
As before. So = 250 pounds per square inch; hence 

Sc = 362 + 250 =^ (512 pounds j)er square inch; and 
S, -.^ 362 - 250 -^ 112 ' ^' . 

EXAMPLES FOR PRACTICE. 

1. Solve the example for practice of Art. 74 by the formulas 
of this article. 

A J ^c ~~ 12,820 pounds |)er square inch. 
^"^- ) S, r^ 20,320 - 

2. Solve the example for practice of Art. 75 by the formulas 

of this article. 

A j Sc = 430 pounds j)er scpiare inch. 

' I Sj = 70 '' *" ^' *• (compression). 



STRENGTH OF COLUHNS. 

A stick of timber, a bar of iron, etc., when used to sustain 
end loads which act lengthwise of the pieces, are called columns, 
posts, or struts if they are so long that they would bend before 
breaking. When they are so short that they would not ben<l 
l)efore breaking, they are called short blocks, and their com [jres- 
sive strengths are computed by means of ecjuation 1. The strengths 
of columns cannot, however, be so simply determi ntnl, and we now 
proceed to explain the method of computing them. 

77. End Conditions. The strength of a column dej)end8 in 
j)art on the way in which its ends bear, or are joined to other 
])art8 of a structure, that is, on its '* end conditions."' There are 
practically but three kinds of end conditions, namely: 

1. " Hin^e '* or " pin " onds, 

2. "Flat'* or "s(|iMre" ends, and 

3. "Fixed" ends. 

(1) When a column is fastened to its suj)|)()rt at one end by 
means of a pin about which the column could rotate if the other 
end were free, it is said to be ''hinged" or *' pinned" at the 
former end. Bridge posts or columns are often hinged at the ends. 

(2) A column either end of which is Hat and perpendicular 
to its axis and lit»ars on other [)arts of the structure at that surface, 
is said to Ix^ '• flat '' or " stpuire" at that end. 
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i'i\ folumns are sometimes r;vpte<l near their ends directly 

» 

to other parts of the structure and do not bear directly on their 
t-nds: such are calle«i -fixt-il endeii.** A Cf>luiun which bears on its 
flat ends is often fastened near the ends toother parts of the struc- 
ture, and such an t*nd is also said to be *' fixed/' The iixincr of an 
end of a column stiffens and therefore strengthens it more or less, 
but the strength of a column with fixed ends is computeii as 
though its ends were flat. Accordingly we have, so far as strength 
is concernei, the followintf classes of columns : 

78. Classes of Columns. (1) Both ends hinge<l or pinned; 
(2) one end hinged and one flat; \'i) both ends flat. 

Other things being the same, columns of these thret^ classes 
an* uner|ua] in strength. Columns of the first class are the 
weakest, and those of the third class are the strongest. 





V\g. 46. 



79. Cross-sections of Columns. AVooden columns are usu- 
ally solid, scjuare, rectangular, or round in section; but sometimes 
they are ''built up" hollow. Cast-iron columns are practically 
always made hollow, and rcetancrular or round in section. Steel 
columns an* luadt* of single* rolled shapes — angles, zees, channels, 
etc.; hut the larger ones are usually '* built up" of several shapes. 
Fig. U), (f, for examj)le, represents a cross-section of a** Z-bar" 
eoluuin; and Fig. M), />, that of a '•channel" column. 

80. Radius of Gyration. There is a quantity appearing in 
almost all formulas for tlu* strength of columns, which is called 
** radius of gyration."' It (lej)ends on the form and extent of the 
cross-section of the column, and may be defined as follows: 
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The radius of gyration of any plane figure (as the section of a column) 
with respect to any line, is such a length that the square of thii length mul- 
tiplied by tbe area of the figure equals the moment of inertia of the figure 
with respect to the given lino. 

Tluis, if A denotes the area of a figure; I, its moment of in- 
ertia with respect to some line; and /•, the radiuc of gyration 
with respect to that line; then 

^•^A = I; or r ^- VT^i^A. (9) 

In the column formulas, the radius of gyration always refers to an 
axis through the center of gravity of the cross -sect ion, and usually 
to that axis with resj)ect to which the radius of gyration (and mo- 
ment of inertia) is least. (For an exception, see example 3. 
Art. J^8.) Hence the radius of gyration in this connection is often 
called for brevity the "least radius of gyration," or simply the 
" least radius." 

Exampleii. 1. Show that the value of the radius of gyration 
given for the square in Table A, page 54, is correct. 

Tlie moment of inertia of the square with respect to the axis 
is 1*2'/*. Since A = tf', then, by formula 9 above, 

2. Prove that the value of the radius of gyration given for 
the hollow square in Table A, page 54, is correct. 

The value of the moment of inertia of the square with respect 
to the axis is ^V {^f* - ff*)- Since A =^ a^ - </,', 



I12 (^' - "') 



EXAHPLE FOR (PRACTICE. 

Prove that the values of the radii of gyration of the other fig- 
ures given in Table A, page 54, are correct. The axis in each 
case is indicated by the line through the center of gravity. 

81. Radius of Gyration of Built-up Sections. Tlie radius of 
gyration of a built-up section is computed similarly to that of any 
other figure. First, we have to compute the moment of inertia of 
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the section, us explained in Art. 54; and then we use formnla 9, ae 
in the examples of the preceding article. 

Example, It is required to compute the radius of gyration 
of the section represented in Fig. 30 (page 52) with respect to the 
axis A A. 

In example 1, Art. 54, it is shown that the moment of inertia 
of the section with respect to the axis AA is 429 inches*. The 
area of the whole section is 

2 X 6.03 + 7 r- 19.06; 

hence the radius of gyration /• is 



EXAMPLE FOR PRACTICE. 

Compute the radii of gyration of the section represented in 
Fig. 31, /^ with res|)ect to the axes AA and BI3. (See examples 

for practice 1 and 2, Art. 54.) 

. ( 2.87 inches. 

Ans. { ^ ^^ 

\ 2.09 " 

82. Kinds of Column Loads. When the loads applied to a 
column are sucli tliat their resultant acts through the center of 
gravity of the to[) section and along the axis of the column, the 
column is said to be centrally loaded. When the resultant of the 
loads does not act through the center of gravity of the top' 
section, the colunm is said to be eccentrically loaded. All the 
following formulas refer to columns centrally loaded. 

83. Ranklne's Column Formula. AV^hen a perfectly straight 
column is centrally loaded, then, if the column does not bend and 
if it is homogeneous, the stress on every cross-section is a uniform 
compression. If P denotes the load and A the area of the cross- 
section, the value of the unit-compression is P -^ A. 

On account of lack of straightness or lack of uniformity in 
material, or failure to secure exact central application of the load, 
the load P has what is known as an •"arm"' or ** leveracre " and 
bends tlit» column more or less. There is therefore in such a 
column H bending or llexural stress in addition to the direct com- 
pressives stress al)ove mentioned; this IxMiding stress is compressive 
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on the concave side and tensile on the convex. The value of the 
stress per unit-area (unit-stress) on the fibre at the concave side, 
according to equation 6, is Mv -^ I, where M denotes the bending 
moment at the section (due to the load on the column), r the 
distance from the neutral axis to the concave side, and I the 
moment of inertia of the cross-section with respect to the neutral 
axis. (Notice that this axis is perpendicular to the plane in 
which the column bends.) 

The upper set of arrows (Fig. 47) represents the direct com- 
pressive stress; and the second set the bending stress if the load 
is not excessive, so that the stresses are within the elastic limit of 
the material. The third set represents the combined stress that 
actually exists on the cross -section. The greatest combined unit- 
stress evidently occurs on the fibre at the concave side and where 

the deflection of the column is greatest. The 
stress is compressive, and its value S j)er unit- 
area is given by the formula. 




S=- 






ftft**" ■*^wij| 



471 



1' 




Fig. 47. 



Now, the bending moment at the place of 
greatest deflection equals the product of the 
load P and its arm (that is, the deflection). 
Calling the deflection r/, we have M = IV; and 
this value of M, sul)8tituted in the last equa 
tion, gives 

x"^-i • 



S 



Let ;• denote the radius of gyration of the cross-section with respec 
to the neutral axis. Then I -- A;-^ (see equation U); and this 
value, substituted in the last equation, gives 

P 
X 



S 



AT-^ ~ A ^ 



-1 



^•). 

!•*" 



According to the theory of the stiffness of beams on end sup- 
j)ort8, deflections vary directly as the square of the length /, and in- 
versely as the distance r from the neutral axis to the remotest fibre 
of the cross-section. Assuming that the deflections of columns 
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follow the same laws, we may write d = k [P -i- <')j where /* is 

some constant dej)ending on the material of the column and on the 

end conditions. Substituting this value for d in the last equation, 

we find that 

P P 

P s 

_ m 



and 



X 



Pr-_. 



P 



1 + i- ;, 

r 
SA 



1 + X; 



r" 



(lO) 



Each of these (usually the last) is known as *' Ilankine^s formula." 

For mild' steel columns a certain lar^o steel ^ompan;/ uses S = 50,000 
pounds per square inch, and the following values of A'.* 

1. Columns with two pin ends, k = 1-i- 18,000. 

2. " " one flat and one pin end, k = 1 -i- 24,000. 

3. ** " both ends flat, A: = 1 -*- 36,000. 

With these values of S and A;, P of the formula means the ultiiiiate loadt 
that is, the load causing failure. The sa^e load equals P divided by the 
selected factor of safety a factor of 4 for steady loads, and 5 for moving 
loads, being recommended by the company referred to. The same unit is to 
be used for Z and r. 

Cast-iron columns an^ practic^tlly always made hollow with 

comparatively thin walls, and are usually circular or rectangular 

in cross-section. Tbo following modifications of Kankine's formula 

are sometimes used: 



For circular sections. 



For rcHitangular sections, 



1*^ 
A 

A 



80.000 



t+-. 



fi 



800 di 
FO.Oa) 



y 



1 + 



I' 



1,000 d^ 



(lo-) 



-X 



In these formulas d denotes the outside diameter of the circular sec- 
tions or the length of the lesser side of the rectangular sections. The same 
unit is to be used for / and d. 

K. rant J tits. 1. A 4rO-|)ound 10- inch steel I-beam 8 feet 
loner is used as a fiat-ended column. Its load being 100,000 
pounds, what is its factcu* of safety ? 

Obviously the column tends to lx*nd in a plane perpendicular 
to its web. Hence the radius of gyration to be used is the one 



102 



t • 



r- 



■ 


^HHHI^ 


n 


[ 


i^^U 


if -: 


■ 


^H M, . '^^^1 




■ 


IP MF^'^^B 


1 ISE° 




^^ j:[iB 








sl-|l 

iii 
ijlll 

Hi 






m 

m 




^MK^n^K 3>RH1^^H^^H 


5:is 






■Sli 




^ii>^ii--*ISH 


^li 




^liiHeE!'^ Vi - plw^^^^l 


lit 



STRENGTH OF MATERIALS 93 



with respect to that central axis of the cross-section which is in 
the weh, that is, axis 2-2 (see figure accompanying table, page 72 ) . 
The inoment of inertia of the sec;tion with respect to that axic, 
according to the table, is 9.50 inches^; and since the area of the 
section is 11.70 square inches, 

,. - 1'-^'. _ SI 

II. n> 

Now, 7 = 8 feet = Dfi inches; and since ^' = 1 -:- 3B,000, and S ^^ 
5(MHM), the breaking load for this cohiinn, accoixling to Kankine's 
formula, is 

^ + aptR) X o.si 

Since the factor of safety equals the ratio of the breaking load to 
the actual load on the column, the factor of safety in this case is 

446,790 ... 

2. What is the safe load for a cast-iron column 10 feet long 
with square ends and a hollow rectangular section, the outside 
dimensions being 5 X S inches; the inner, 4 X 7 inches; and the 
factor of safety, fi ? 

In this case I 10 feet ^^ 120 inches; A 5 / S 4x7 
-=- 12 s<]uare inches; and // 5 inches. Hence, according to 
formula 10', for rectangular swtions, the breaking load is 

SO,0(K) X 12 ,...UMM^ i 

P ^^ ^;-;jrp " ()1(),(KK) ])UUUds. 

1 -1- — 

' 1,(KK) X 5' 

Since the safe load equals the breakiiit^ luad divided Ity the factor 
uf safetV) in this case the safe load etjiials 

010,000 

T7— - 101, mM) jKUinds. 

3. A channel column (see Fig. 40, />) is pin -ended, the pins 
being perpendicular to the webs of the channel (represented by 
A A in the figure), and its length is Ki feet (distance l>etween axes 
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of the pins). If the sectional area is 23.5 square inches, and the 
moment of inertia with respect to AA is 386 inches* and with 
resjKK't to BB 214 inches*, what is the safe load with a factor of 
safety of 4 ? 

The column is liable to bend in one of two ways, namely, in 
the plane perpendicular to the axes of the two pins, or in the plane 
containing those axes. 

(1) For bending in the first plane, the strength of the col- 
umn is to be computed from the formula for a pin -ended column. 
Hence, for this case, 1^ --= 380 -J- 23.5 = 16; and the breaking 
load is 

50,0 00 X 23.5 iHAiAnn a 

P == ^ :_^ 1,041,600 pounds. 

^ "^ 18,000 X 16 

The safe load for this case equals -^ — j^ = 260,400 pounds. 

(2) If the supports of the pins are rigid, then the pins 
stiffen the column as to bending in the plane of their axes, and the 
strength of the column for bending in that plane should be com- 
])uted from the formula for the strength of columns with flat ends. 
Hence, r -~ 214 -. 23.5 ^r^ IMl, and thebreaking load is 

50,(M)() X 23.5 
1 -- n'"^~io>" 1,056,000 pounds. 

1 1 _ ^ _ ___ ^^ 
^ 36,000 x'l».li 

The safe load for this case equals -^ — ^ = 264,000 pounds. 

EXAMPLES FOR PRACTICE. 

1. A 40-pound 12-inch steel I-beam 10 feet long is used as 

a column with flat ends sustaining a load of 100,000 pounds. 

What is its factor of safety? 

Ans. 4.1 

2. A cast-iron column 15 feet long sustains a load of 
150,000 pounds. Its section being a hollow circle, 9 inches out- 
side and 7 inches inside diameter, what is the factor of safety? 

Ans. 8.9 

3. A steel Z-bar column (see I'ig. 46, a) is 24 feet long and 
has square ends; the least radius of gyration of its cross-section is 
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3.1 inches; and the area of the crosssection is 24.5 square inches. 
What is the safe load for the column with a factor of safety of 4 t 

Ans. 247,(K)() jiounds. 

4. A cast-iron column 13 feet long has a hollow circular 
cross-section 7 inches outside and 5i inches inside diameter. 
What is its safe load with a factor of safety of G? 

Ans. 121,142 pounds. 

5. Compute the safe load for a 40-pound 12-inch steel 

I-beam used as a column with flat ends, its length being 17 feet. 

Use a factor of safety of 5. 

Ans. 52,470 pounds. 

84. Graphical Representation of Column Formulas. Col- 
umn (and most other engineering) formulas can be represented 
graphically. To represent Rankine's formula for flat-ended mild- 
steel columns, 

P 50,000 



1 + 



{I -r- ry' 



30,000 

we first substitute different values of ^ -r- /• in the formula, and 
solve for P -r- A. Thus we find, when 

/ - r = 40, P - A rr: 47,900 ; 
/ > r = 80, P - A = 42,5a) ; 
/ - r --^ 120, P - A = .T),7no ; 
etc., etc. 

Now, if these values of Z -h r be laid off by some scale on a line 
from O, Fig. 48, and the corresponding values of P -:- A be laid 




lOO 



Fig. 48. 



200 



300 



off vertically from the points on the line, we get a series of points 
as a, J, Cj etc.; and a smooth curve through the points a, 6, c, 
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€»te., represents the formula. Such a curve, besides representing 
the formula to one's eye, can be used for finding the value of 
P -•- A for any value of I -^ r; or the value of / -v- r for any value 
of P -f- A. The use herein made is in explaining other column 
formulas in succeeding articles. 

85. Combination Column Formulas. Many columns have 
been tested to destruction in order to discover in a jiractical way 
the laws relating to the strength of columns of different kinds. 
The results of such tests can l>e most satisfactorily representeil 
graphically by ])lotting a point in a diagram for' each test. Thus, 
suppose that a column whose / t- r was HO failed under a load of 
'^T<),000 pounds, and that the area of its cross-section was 7.12 
s([uare inches. This test would be represented by laying off ()</, 
Pig. 49, equal to SO, according to some scale; and then ah equal to 
27(),0()0 -r- 7.12 (P -.- A), according to some other convenient 
scale. The ])oint h would then represent the result of this par- 
ticular test. All the dots in the figure represent the way in which 
the results of a series of tests appear when plotted. 

It will be observed at once that the dots do not fall upon any 
one curve, as the curve of Kankine's formula. Straight lines and 
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curves simpler than tlie curve of Ilankine's formula have been 
fitted to represent the average positions of the dots as determined 
by actual tests, and the formulas corresponding to such lines have 
been deduced as column formulas. These are explained in the 
folio wincr articles. 

86. Straiglit-Line and Euler Formulas. It occurred to Mr. 
T. H. Johnson that most of the dots corresponding to ordinary 
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lengths of columns agree with a straight lino just as well as with' 
a curve. He therefore, in 188(5, made a number of such plats or 
diagrams as Fig. 49, fitted straight lines to them, and deduced the 
formula corres|)onding to each line. These have l)econie known 
as '^straight-line formulas," and their general form is as follows: 



A = ^ - "V' 



(") 



P, A, /, and r having meanings as in Itankine's formula (Art. 88), 
and S and m being constants whose values according to Johnson 
are given in Table E below. 

For the slender columns, another formula (Euler's, long since 
deduced) was used by Johnson. Its general form is — 



71 



(i2) 



A "" (Z H- rf 

n being a constant whose values, accord iiig to Johnson, are given 
in the following table: 

TABLE E. 
Data for Mild-5teel Columns. 



Hinged ends. 
Flat ends.... 




I^imit {I T r) 



11 



52,500 
52,500 



220 



ICO 
11*5 



I (50(>,OIXM)(K) 



The numbers in the fourth column uf the table mark tho point of divi 
sion between columns uf ordinary length and slender columns. For the 
former kind, the straight-line formula applies; and for the second, Euler s. 
That is, if the ratio / -*- r for a steel column with hinged end, for example, is 
less than 100, we must use the straight-line formula to compute its safe load, 
factor of safety, etc.; but if the ratio is greater than 1(50, we must use Euler's 
formula. 

For cast-iron columns with Hat ends, S — 31,000, and /// — 88: and smcc 
they should never be used "slender," there is no use of Euler's formula for 
cast-iron columns. 

The line AB, Fig. 50, represents Johnson's straight-line for- 
mula; and BC, Enler's forninla. It will be noticed tliat the two 
lines are tangent; the point of tangency corresponds to the "lim- 
iting value" / -j- /', as indicated in the table. 

Examples. 1. A 40-pound 10- inch steel I-beam column 8 
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feet loner sustains a load of 100,000 ])ounds, and the ends are Hat. 
('Onipnte its factor of safety according to the methods of this 
article. 

The first thing to do is to compute the ratio I -^ r for the 
column, to ascertain whether the straight-line formula or Euler's 




lOOOO- 



lOO 



200 



doo 



Fig. 50. 

formula should be used. From Table C, on page 72, we find that 
the moment of inertia of the column about the neutral axis of 
its cross-section is 9.50 inches*, and the area of the section is 
11.70 square inches. Hence 

= 0.81; or r = 0.9 inch. 



r? = 



11.7(> 



Since I = H feet = 90 inches, 



I 96 ^^^2 

r 0.9 3 



This value of Z -r- ;• is less than the limiting value (195) indicated 
by the table for steel columns with flat ends (Table E, p. 97j, and 
we should therefore use the straight-line formula; hence 



o 



jpy^ = 52,500 - 180 X 100-g-; 



or, P = 11.70 (52,500- 180 X lOG^) = 391,600 pounds. 

Tliis is the breaking load for the column according to the straight- 
lint' formula; hence the factor of safety ia 

391,000 



100,000 



= 3.9 



108 



STRENGTH OF MATERIALS 99 



2. Suppose that the length of the colinnii described in the 
preceding exaniple were 16 feet. What would its factor of safety be? 

Since Z = 16 feet = 192 inches; and, as before, /• = 0.9 
inch, Z -T- /• = 213^. This value is greater than the limiting 
value (195) indicated by Table E (p. 97) for flat-ended steel col- 
umns; hence Kuler's formula is to be used. Thus 

P 66(J,()00,000 



11.76 "" (218^/ ' 

11.76 X 666,000,000 
or, P = i^v^XV "^ 172,100 pounds. 

This is the breaking load; hence the factor of safety is 

172,100 



100,000 



=^1.7 



3. What is the safe load for a cast-iron column 10 feet long 
with square ends and hollow rectangular section, the outside 
dimensions being 5x8 inches and the inside 4x7 inches, with a 
factor of safety of 6 ? 

Substituting in the formula for the radius of gyration given 
in Table A, j)age 54, we get 



-^ 



' - - l.OG iucbes. 



12 (8 X 5-7 X 4) 
Since / = 10 feet = 120 incLes, 

^ 120 

According to the straight-line formula for cast iron, A being 
equal to 12 square inches, 

P 

yg- = 34,000 - 88 X 61.22; 

or, P = 12 (34,000 - 88 X 01.22) = 343,300 pounds. 

This being the breaking load, the safe load is 

^y = 57,227 pound.. 
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EXAMPLES FOR PRACTICE. 

1. A 40-pound 12-iDch steel I-beam 10 feet long is used as 

a flat-ended column. Its load being 100,000 pounds, compute 

the factor of safety by the formulas of this article. 

^ Ans. 3.5 

2. A cast-iron column 15 feet long sustains a load of 

150,000 pounds. Its section being a hollow circle of 9 inches 

outside and 7 inches inside diri:\eter, compute the factor of safety 

by the straight-line formula. 

Ans. 4.8 

3. A steel Z-bar column (see Fig. 46, a) is 24 feet long 
and has scjuare ends; the least radius of gj'ration of its cross- 
section is 3.1 inches; and the area of the cross-section is 24.5 
square inches. Compute the safe load for the column by the 
formulas of this article, using a factor of safety of 4. 

Ans. 219,000 pounds. 

4. A hollow C4i8t-iron column 13 feet long has a circular 

ctross- section, and is 7 inches outside and 51 inches inside in 

diameter. Compute ita safe load by the formulas of this article, , 

using a factor of safety of 0. 

Ans. 68,500 pounds 

5. Compute by the methods of this article the safe load for 
a 4()-p(>un(l l!2-inch steel I-beam ustd us a column with flat ends. 
If the length is 17 feet and the factor of safety 5. 

Ans. 35,100 poimds. 

87. Parabola-Euler Formulas. As better fitting the results 

of tests i»f tliH, strength of columns of '* ordinary lengths," Prof. 

J. B. Johnson proposed ( IS^J'J) to use parabolas instead of straight 

lines. The general form of the " parabola formula" is 

P, A, / and /• having the same meanings as in Kankine's formula, 
Art. 83; and 8 and in denoting constants whose values, according 
to Professor Johnson, are given in Table F l>elow. 

Like the straight-line formula, the ])arabola formula should 
not be used for slender columns, but the following (Euler.'s) is 
:ipplicable: 
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X 



n 



the values of n (Johnson) Ijeing given in the following table: 

TABLE F. 





Data lor mid Steel Columns. 






• 

S 


VI 


Limit {I ^ r) 


n 


Hinged ends 

Flat ends 


42,000 
42,000 


0.97 
0.62 


190 


456,000,000 
712,fXX),00O 



The point of division between columns of ordinary lenj^th and Hlender 
columns is given in the fourth column of the table. That is, if the ratio l-rrr 
for a column with hinged ends, for example, is less than 150, the parabola 
formula should be used to compute the safe load, factor of safety, etc.; but 
if the ratio is greater than 150, then Euler's formula should be useil. 

The line AB, Fig. 51, represents the parabola formula; and the line 
BC, Euler's formula. The two lines are tangent, and the point of tangency 
corresponds to the ** limiting value" l-^r of the table. 

For vcooden columns square in cross-section, it is convenient to replace 
r by d, the latter denoting the length of the sides of the square. The formula 
becomes 

P . S - ,» (i-)., 



S and m for flat-ended columns of various kinds of wood having the follow- 
ing values according to Professor Johnson: 

For White pine, 8=2,500, m = 0.6; 

Short-leaf yellow pine, 8=3,300, m = 0.7; 

Long-leaf yellow pine, 8=4,000, vt = 0.8 ; 

White oak, 8=3,500, m = 0.8. 

The preceding formula applies to any wooden column whcfse ratio, l-r-d, 

is less than 60, within which limit columns of practice are included. 



( < 
< t 
1 1 
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Examples. 1. A 40.j)ouncl lO-inch steel I-beam column 
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8 feet long sustains a load of 100,000 pounds, and its ends are flat. 
Compute its factor of safety according to the methods of this 
article. 

The first thing to do is to compute the ratio I -^ r for the 

# _ 

column, to ascertain whether the parabola formula or Euler's for- 
mula should be used. As shown in example 1 of the preceding 
article, I -t- r = 106|. This ratio being less than the limiting 
value, 190, of the table, we should use the j)arabola formula. 
Hence, since the area of the cross-section is 11.70 square inches 
(see Table C, ])age 72), 

^ = 42,000-0.02 (106§)- 



11.70 
or, r =- 11.70 [42,000 - 0.02 (100|y] = 410,970 pounds. 

Tliis is the l)reaking load according to the parabola formula; hence 

the factor of safety is 

410,970 __ ^^ 

100,000 

2. A white pine column 10 X 10 inches in cross-section and 
18 feet long sustains a load of 40,000 pounds. What is its faotor 
of safety ? 

The length is 18 feet or 210 inches; hence the ratio I --- d = 
21.0, and the parabola formula is to be applied. 
Now, since A =^ 10 X 10 =^ 100 square inches, 

P 
j^j^j- -- 2,500 - 0.0 X 21.0^; 

or, P -- 100 (2,500 - 0.0 X 2l!o^) = 222,000 i^unds. 

This bein^ the l)reHking load according to the parabola formula, 

the factor of safety is 

222,000 _ 

IpOO" " ^'^ 

3. What is the safe load for a long-leaf yellow pine column 
12 X 12 inches square and 80 feet long, the factor of safety 
being 5? 

Tlie length being 80 feet or 800 inches, 

(7 "" ly - ^^5 
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hence the parabola formula should be used. Since A = 12 X 12 
= 144 square inches, 

P 
-JJ2 = *>000 - 0.8 X 30=; 

or, P = 144 (4,000 - 0.8 X 30^) =- 472,320 pounds. 

This being the breaking load according to the parabola Tormula, 

the safe load is 

472,320 

=^ y4,4u5 jK)unds. 

EXAMPLES FOR PRACTICE. 

1. A 40-pound 12.inch steel I-beani 10 feet long is used as 

a flat-ended column. Its load being 100,000 pounds, compute its 

factor of safety by the formulas of this article. 

Ans. 3.8 

2. A white oak column 15 feet long sustains a load of 

30,000 pounds. Its section being 8x8 inches, compute the 

factor of safety by the parabola formula. 

Ans. 6.0 

3. A steel Z-bar column (see Fig. 40, a) is 24 feet long and 
has square ends; the least radius of gyration of its cross-section 
is 3.1 inches; and the area of its cross-section is 24.5 square 
inches. Compute the safe load for the column by the formulas 
of this article, using a factor of safety of 4. 

Ans. 224,500 pounds. 

4. A short-leaf yellow pine column 14 X li inches in sec- 

tion is 20 feet long. What load can it sustain, with a factor of 

safety of ? 

Ans. 101,000 ])oun(ls. 

88. •• Broken Straight-Line " Formula. A large steel com- 
pany computes the strength of its flat-ended steel columns by two 
formulas represented by two straight lines AB and BC, Fig. 52. 
The formulas are 

p / 

and -T- = 08,400 - 228 -, 

A ' r 

P, A, ly and r having the same meanings as in Art. 88. 
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The point B corresponds very nearly to the ratio I -~ r =^ IK). 
Hence, for columns for which the ratio / -r- r is less than 90, the 
first fopuula applies; and for columns for which the ratio is 
greater than 90, the second one applies. The point C corre- 
sponds to the ratio Z -f- r = 200, and the second formula does not 
apply to a column for which / -^ r is greater than that limit. 

50000 
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The ratio / -i- r for steel columns of ])ractice rarely exceeds 150, 
and is usually less than 100. 

FiiT. T);^ ia a combi nation of Fiirs. 49, 50, 51 and 52, and 
represents frrapliieally a comparison of the llankine, straight-line, 
Kuler. parabola-Euler, and broken straitrjit-line formulas for Hat- 
ended mild-steel columns. It well illustrates the fact that our 
knowledtre of the strencrth of columns is not so exact as that, for 
example, of the strengtli of beams. 
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Fi^^ 53. 



89. Design of Columns. All the preceding examples relat- 
ing to columns were on either (1) computing the factor of safety 



114 



STRENGTH OF MATERIALS 105 



of a given loaded column, or (2) computing the safe load for a 
given column. A more imj)ortant problem is to design a column 
to sustain a given load under given conditions. A complete (\\i^- 
cussion of this problem is given in a later j)aper on design. AV(^ 
show here merely how to compute the dlmensionH of the cross- 
section of the column after the for*m> of the cross-section has been 
decided upon. 

In only a few cases can the dimensions be computed directly 
(see examj)le 1 following), but usually, when a column formula is 
applied to a certain case, there will be two unknown (juantities in 
it, A and /• or //. Such cases can best be solved bv trial fsee 
examples 2 and 3 below). 

E^amj^ile, 1. What is the ])roj>er size of white pine column 
to sustain a load of 80,()()() pounds with a factor of safety of 5, 
when the length of the colunm is 22 feet ? 

We use the jmrabola formula (equation 18). Since the safe 
load is 80,000 pounds and the factor of safety is 5, the breaking 
load P is 

80,000 X 5^ 400,000 pounds. 

The unknown side of llie (scjuare) crosH-st^ction being denoted by 
//, the area A is </'. llenct% substituting in the formula, since / 
=^ 22 feet -^ 204 inches, we have 

400,000 ., t^^^' 

Multij)lying both sides by (P gives 

400,000 : 2,r,()0 J' - ().(> X 2H4^ 
pr 2,500./' rr 400,000 -f 0.6 x 264' = 441,817.6. 

Hence iP =- 176.73, or <1 = 13.3 inches. 

2. What size of cast-iron column is needed to sustain a loarl 
of 100,000 pounds with a factor of safety of 10, the length of the 
column being 14 feet ? 

We shall suppose that it has been decided to make the cross- 
section circular, and shall compute by Kankine's formula mcKiified 
for cast-iron columns (equation 10';. The breaking load for the 
column would be 
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100,000 X 10 = 1,000,000 pounds. 
The length is 14 feet or 168 inches; hence the formula oecoines 

1,000,000 _ 80,000 
A ~ 168'' 
"^800^ 

or, reducing by dividing both sides of the equation by 10,000, and 
then clearing of fractions, we have 

l^n^ + 8-»] = «^- 

There are two unknown quantities in this equation, d and A, and 
we cannot solve directly for them. Probably the best way to pro- 
ceed is to assume or guess at a practical value of dy then solve for 
A, and finally compute the thickness or inner diameter. Thus, let 
us try d equal to 7 inches, first solving the equation for A as far 
as possible. Dividing both sides by 8 we have 

100 r 168» 1 
^ "" 8~ L^ + 800c?J' 

and, combining, 

441 
a' 

Now, substituting 7 for (/, we have 

441 
A = 12.5 + -j^ = 21.5 square inches. 

The area of a hollow circle whose outer and inner diameters are 
(1 and </j respectively, is 0.7854 (</* - d^\ Hence, to find the inner 
diameter of the column, w^e substitute 7 for d in the last expres- 
sion, equate it to the value of A just found, and solve for d^. Thus, 

0.7854 (49-/^^2) ^ 21.5- 



hence 



*^-''.'-^ ^4 = 27.37; 



and </,' = 49 - 27.37 = 21.03 or r/, -= 4.05. 

This vahm of d makes tlie tliickiit'ss i'(iuiil to 

\ (7-4.65) = 1.176 inches. 



lie 
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which is safe. It might be advisable in an actual case to try 
d equal to 8 repeating the computation.* 

EXAMPLE FOR PRACTICE. 

1. Wliat size of white oak column is needed to sustain a load 
of 4o,(KX) pounds with a factor of safety of (J, the lencrth of the 
column being 12 feet. 

Ans. (I = 8i, practically a 10 X 10-inch section 

STRENGTH OF SHAFTS. 

A shaft is a part of a machine or system of machines, and is 
used to transmit power by virtue of its torsional strength, or resist- 
ance to twisting. Shafts are almost always made of metal and are 
usually circular in cross-section, being sometimes made hollow. 

90. Twisting Moment. Let AF, Fig. 54, represent a shaft 
with four pulleys on it. Suppose that D is the driving pulley 
and that B, C and E are pulleys from which power is taken off to 
drive machines. The portions of the shafts between the pulleys 




Fig. 54. 



are twisted when it is transmitting power; and by the twisting 
moment at any cross-section of the shaft is meant the algebraic 
sum of the moments of all the forces actintr on the shaft on either 



♦Note. The structural steel handbooks contain extensive tables by 
means of which the design of columns of steel or cast iron is much facilitated. 
The difficulties encountered in the use of formulae are well illustrated in this 
example. 
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side of the section, the moments being taken with res]>ect to the 
axis of the shaft. Thus, if the forces acting on the shaft (at the 
pulleys) are P,, I\., P^, and P^ as shown, and if the arms of the 
forces or radii of the j)ulleys are f/„ a^^ (i^^ and a^ respectively, then 
the twisting moment at any section in 

KC is P, ^/., 

(U) is P, a, 1- P, </„ 

DE is P, a, -I- P, a\ - P, // . 

Like l)ending moments, twisting moments are usually ex- 
])res8ed in inch-pounds. 

KxaNi])h., Ix^t 6/, - - r/j - a^ - 15 inches, a^ -— 80 inches, 
P, — 400 pounds, P. =:- 500 pounds, P, = 750 pounds, and P, = 
600 ]K>unds.* What is the value of the greatest twisting moment 
in the shaft ? « 

At any section between the first and second pulleys, the 
twisting moment is 

400 X 15 -- G,000 inch-pounds; 

at any section between the second and third it is 

400 X 15 + 500 X 15 r^ 13,500 inch.])ounds; and 
at any section between the third and fourth it is 

400 X 15 -\- 500 X 15 - 750 X 30 - - 0,000 inch-pmnds. 
Hence the greatest value is 13,500 inch-pounds. 

91. Torsional Stress. The stresses in a twisted shaft are 
called ** torsional" stresses. The torsional stress on a cross -section 
of a shaft is a shear! nt; stress, as in the case illustrated by Fijx. 55, 
which represents a flange coupling in a shaft. Were it not for 
the bolts, one flange would slip over the other when either part 
of the shaft is turned; but the bolts prevent the Blip])ing. Obvi- 
ously there is a tiMidency to shear the bolts off unless they are 
screwed up very tight; that is, the material of the bolts is sub- 
jected to shearing stress. 

Just so, at any section of the solid shaft there is a tendency 
for one part to slip past the other, jind to j)revent the slij)ping or 

* Note. These uuiiibers were so chosen tbat the moment of P (driving 
moment) equals the sum of the moments of the other forces. This is always 
the case in a shaft rotating at constant speed; that is, the power given the 
shaft equals the power taken oif. 
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shearing of the shaft, there arise shearing stresses at all parts of 
the cross -sect ion. The shearing stress on the cross-section of a 
shaft is not a uniform stress, its value per unitarea being zero at 
the center of the section, and increasing toward tlie circumference. 
In circular sec*tions, solid or hollow, the shearing stress j)er unit- 
area (unit-stress) varies directly as the distance from the center 
of the section, provided the elastic limit is not excee<le(l. Thus, 
if the shearing unit-stress at the circumference of a section is 



c 




3 




1,000 pounds per square inch, and the diameter of the shaft is 
2 inches, then, at A inch from the center, the unit-stress is 500 
pounds per square inch; and at | inch from the center it is 250 
j)ounds per square inch. In Fig. 55 the arrows indicate the 
values and the directions of the shearing stiv.^ses on very -mall 
j)ortions of the cross-section of a shaft there re|)resentt*(l. 

92. Resisting: Moment. Hy 'Mvsisting moment" at a ser- 
tion of a shaft is meant the sum of the monjents of tht* shearing 
stresses on the cross-section about the axis of the shaft. 

I^t Sj, denote the value of the shearing stress ])er unit -area 
(unit-stress) at the outer points of a section of a sliaft; // the 
diameter of the section (outside diameter if the shaft is hollow); 
and //, the inside diameter. Then it can be shown that the re- 
sisting moment is: 

For a solid section, 0.1903 S, //'; 



F'or a hollow section, 



O.ltMKJS i^r 



'/*) 



7 



93. Formula for the Strength of a Shaft. As in the case 
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of lu'anis, the resisting nioiiient equals the twisting moment at 
any section. If T be used to denote twisting moment, then we 
have the formulas : 

For solid circular shafts, ilimti S« d' ^ T; ) 

lor hollow circular shafts, LL=r= i. i \"o; 

In any ])ortion of a shaft of constant diameter, the unit- 
shearing stress Sg is greatest where the twisting moment is greatest. 
Hence, to compute the gre^te^t unit-shearing stress in a shaft, 
we first determine the value of the greatest twisting moment, 
substitute its value in the first or second equation above, as the 
case may l)e, and solve for Sg. It is customary to express T in 
inch- pounds and the diameter in inches, Sj, then being in jKmnds 
per s(|uare inch. 

J'^Xft/zijfles. 1. (^ompute the value of the greatest shearing 
unit-stress in the portion of the shaft between the first and second 
pulleys represented in Fig. 54, assuming values of the forties and 
pulley radii as given in the example of article 90. Supjx)se also 
that the shaft is solid, its diameter being 2 inches. 

Tlie twisting moment T at any section of the portion between 
the first and second j)ulleys is r),000 inch-pounds, as shown in the 
examj)le referred to. 1 Fence, substituting in the first of the two 
formulas 15 above, we have 

0.19G3 S« X 2^ = 0,000; 
or, Sg = - i(u'«o w J -~ 8,820 pounds per square inch. 

This is the value of the unit-stress at the outside portions of all 
sections between the first and second pulleys. 

2. A hollow shaft is circular in cross-section, and its outer 
and inner dianieters are 10 and 8 inches respectively. If the 
working strength of the material in shear is 10,000 pounds per 
square inch, what twisting moment can the shaft safely sustain ? 

The problem re(j aires that we merely substitute the values of 
Sj,, ^/, and <7, in the second of the above formulas 15, and solve for 

■ ^"2 0.1003 X 10,000 (10' - 8-) ^^ ,53,^320 ineh-pounds. 
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m ' ■— ■ I --■ ■■■■■ ■-- i^^»^^ - - I ^ 

EXAMPLES FOR PRACTICE. 

1. C^ompute the greatest value of the shearing unit -stress in 

the shaft represented in Fig. 5-4, using the values of the forces 

and pulley radii given in the example of article UO, the diameter 

of the shaft being 2 inches. 

Ans. 8,595 pounds per s(juare inch 

2. A solid shaft is circular* in cross-section and is 9.(> inches 
in diameter. If the working strength of the material in shear is 
10,000 pounds per square inch, how large a twisting moment can 
the shaft safely sustain? (The area of the cross-section is practically 
the same as that of the hollow shaft of example 2 preceding.) 

Ans. 1,730,736 inch-pounds. 

94. Formula for the Power Which a Shaft Can Transmit. 
Tlie power that a shaft can safely transmit depends on the shear- 
ing working strength of the material of the shaft, on the size of 
the cross-section, and on the speed at which the shaft rotates. 

Let II denote the amount of horse-power; Sg the shearing 
working strength in pounds per square inch; d the diameter 
(outside diameter if the shaft is hollow) in inches; <7, the ihside 
diameter in inches if the shaft is hollow; and n the num])er of 
revolutions of the shaft j)er minute. Then the relation between 
power transmitted, unit-stress, etc., is: 

For solid shafts, H ^^ -321 000 ' 



r or hollow shafts, Jl = — r^^fTw wTT — 



(16) 



^ 



ExfimjdiiS* 1. What liorse-power can a hollow shaft 10 
inches and 8 inches in diameter safely transmit at 50 revolutions 
|)er minute, if the shearing working strength of the material is 
10,000 pounds per square inch? 

We have merely to substitute in the second of the two. for- 
mulas 10 above, and reduce. Thus, 

10,000 (16* - 8-) 5 
"" 321 000 X 10 ~ "" ' horse-power (nearly). 

2. What size of solid shaft is needed to transmit 0,000 horse- 
power at 50 revolutions per minute if the shearing working 
strength of the material is 10,000 pounds per square inch? 
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^^'e }iuvc iiitTi'lv to substitute Hi tlie lirst of the two fornmlH 
1<>, and solve for '/. Thu.«, 

10,000 X tP y. aO 



♦5.C)(.M) = 



321,(KH) 



, , „ r..(K»0 X 321,000 .,^„^ 

therefore .P ^. _^^.- _-_--.- :--. .-l,So2; 

or, f/ - - ^3,>S52 :^ 15.0S inches. 

(A solid slwift dT this diameter oontainH over 25% more- material thaa 
tlie hollow shiit't of example 1 prei-eilin^. There is therefore considerable 
saving of iiiat«'ri:U in tlio hollow nhaft.) 

i\, A solid shaft 4 inches in diameter transmita 200 horse- 
power wiiile rotutiiitr at *2<)() revolutions |)er minute. What is the 
greatest slieariiii; mil t- stress in the shaft? 

We liave merely to substitute in the first of the equations 16, 
and solve for S^. Tlius. 



'JOO - 



S, X 4' X 2i)0 



or, N J, ., ;),01<» ])ound8 per square inch. 

HXAMPLES FOR PRACTICE. 

1. What horst*- power ean a soli<l shaft U.O inches in diameter 
safely transmit at ot^ revolutions |km' minute, if its shearing work- 
ino sirentfth i.-? lOJMM) pounds |)er stpuiro inch ? 

Ans. 1,378 horse-power. 
'i, Wliat size of solid shaft is re([uired to transmit 500 horse- 
power at loO re\(»lutions per minute, the shearing working strength 
«jf tht* material i)einjf s.(MM) pounds |K»r stpuire inch. 

Ans. 5.1 inches. 

.*{. A hollow shaft whose outer diameter is 14 and inner 0.7 

inches tran. niits ojKKi liorse-powt»r at (JO revolutions per minnte. 

What is the value of the trreatest shearintr unit-stress in (he shaft? 

Ans. 1().27;{ pounds ])er square inch. 

STIFFNESS OF RODS, BEAMS, AND SHAFT5. 

The preeeding discussions have related to the strength of 
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materials. We shall now consider principally the clonijatlon of 
rodSj (leflectiouof bpantti^ and twist of shafts, 

95. Coefficient of Elasticity. According to Ilooke's Law 
(Art. 9, p. 7), the elongations of a rod subjected to an increasing 
pull are proportional to the pull, provided that the stresses due to 
the pull do not exceed the elastic limit of the material. AVithin 
the elastic limit, then, the ratio of the pull and the elongation is 
constant; hence the ratio of the unit-stress (due to the pull) to the 
unit-elongation is also constant. This last-named ratio is called 
" coetticient of elasticity." If E denotes this coethcient, S the 
unit-stress, and .v the unit-deformation, then 

^^ '- ('7) 

C-oeflRoionts of elasticity arc usually ('xpressod in iKJunds [w^r s(|uare inch. 

The preceding remarks, definition, and formula apply also to 
a case of comj)ression, provided that the material being compressed 
does not bend, but simj)ly shortens in the direction of the com- 
jiressing forces. The following table gives the arcrat/i' values of 
the coetlicient of elasticity for various materials of construction: 

TABLE O. 

CoefHcients of RUsticUy. 



Mutt^rial. 



Av«'ra>?<' Corflifioiit of Klaxticity. 



Stc«*l 

Wrouj^ht iron 

Cast iron 

Timber 



.')0,0()0,(XK) [)oun(ls per s«|uan' inch. 
27,r>00,(iOl) 
ir),(XK),(X)() 
1,SUO,000 



ti 


k4 


»k 


I. 


(( 


k. 


il 


i. 


.i 


4( 


i( 


a 



The coeflioients of ol.isticity for steel aiul wroiij^lit iron, for <li(Teront 
gradofl of tlios-o materials, are reinarkal»ly constant ; hut for ilitTerent grades 
of ca8t iron the coefficients range from alxmt 10,0()(),()on to :ii),()()(),0()() pounds 
per square inch. Naturally the coefficient has not tlie same value for the 
different kinds of wood; for the principal woods it ranjjes from 1,000,000 
(for spruce) to 2,100,000 (for white oak). 

Formula 17 can be put in a form more convenient for use, as 
follows : 

Let P denote the force ])ro(]ucing the deformation; A the 
area of the cross-section of the piece on which V acts ; / the length 
of the piec^^ ; and I) the defornuition (elongation or shortening). 
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Then 

S r= P -^ A (see equation 1), 

and n -- J) ~- I (see equation 2). 

Hence, substituting these values in equation 17, we have 

^-AD'^'^-AE- ('7) 

Tlie first of these two equations is used for computing the value of 
the coefficient of elasticity from measurements of a " test,'' and 
the second for computing the elongation or shortening of a given 
rod or bar for which the coefficient is known. 

Kxi(m^)l€H, 1. It is required to compute the coefficient of 
elasticity of the material the record of a test of which is given on 
j)age 9. 

Since the unit-stress S and unit-elongation s are already 
con)j)uted in that table, we can use equation 17 instead of the first 
of e(|uations 17'. The elastic limit being between 40,000 and 
45,000 j)ouuds per square inch, we may use any value of the 
unit-stress less than that, and the corresponding unit-elongation. 

Thus, with the first values given. 



5,000 



AVitli tlu' s<H*()iid, 



10,000 
1-^0.00(185 = 28,600,000. 

Tliia lack of oonstancy in the value of E as computed from different 
loads in a test of a given material, is in part due to errors in measuring the 
deformation, a nieasurenn^nt difficult to make. The value of the coefficient 
a<loptod from such a tost, is the average of all the values of E which can be 
computed from the record. 

2. How nnich will a ])ull of 5,000 pounds stretch a round 
steel rod 10 feet loncj and 1 inch in diameter? 

We use the second of the two formulas 17'. Since A =-= 
0.7854 X r ---- 0.7854 square inches, I =--. 120 inches, and E =:.- 
80,000,000 pounds |)er square inch, the stretch is: 

.^ 5,000 X 120 A nor I • I 

1^ -/v f~.>r--T ^i\7.7v7wr/w; =""' 0.0254 inch. 
0.7854 X 80,000,000 
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EXAMPLES FOR PRACTICE. 

1. What is the coefficient of elasticity of a material if a pull 

of 20,000 pounds will stretch a rod 1 inch in diameter and 4 feet 

long 0.045 inch ? 

Ans. 27,000,000 pounds per square inch. 

2. How much will a pull of 15,000 pounds elongate a round 
cast-iron rod 10 feet long and 1 inch in diameter ? 

Ans. 0.152 inch. 

96. Temperature Stresses. In the case of most materials, 

when a bar or rod is heated, it lengthens; and when cooled, it 

shortens if it is free to do so. The coefficient of linear expansion 

of a material is the ratio which the elongation caused in a rod or 

bar of the material by a change of one degree in temperature bears 

to the length of the rod or bar. Its values for Fahrenheit degrees 

are about as follows: 

For Steel, 0.0000065. 

For Wrought iron, .0000067. 
For Cast iron, .0000062. 

Let K be used to denote this cpefficient; t a change of tem- 
perature, in degrees Fahrenheit; I the length of a rod or bar; 
and P the change in length due to the change of temperature. 
Tlien 

D ^ K ^ 7. (18) 

1) and I are expressed in the same unit. 

If a rod or bar is confined or restrained so that it cannot 
change its length when it is heated or cooled, then any change in 
its temperature produces a stress in the rod; such are called tem- 
perature stresses. 

Examples, 1. A steel rod connects two solid walls and is 
screwed up so that the unit-stress in it is 10.000 pounds per 
S(juare inch. Its temperature falls 10 degrees, and it is observed 
that the walls have not been drawn together. What is the teni])er- 
ature stress produced by the change of temj)erature, and what is 
the actual unit-stress in the rod at the new temperature ? 

liCt I denote the length of the rod. Tlien the change in 
length which would occur if the rod were free, is given by formula 
18, al)ove, thus: 

D -: 0.00000(^5 X 10 X / = 0.000005 L 
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Now, since the rod could not shorten, it has a greater than normal 
length at the new tenij)erature; that is, the fall in temperature has 
produced an effect equivalent to an elongation in the rod amount- 
ing to D, and hence a tensile stress. This tensile stress can he 
computed from the elongation D by means of formula 17. Thus, 

S = E^; 

and since /r, the unit-elongation, equals 

D .ooaooa') i 



I ' ' I 



= .0000035, 



S ^ 30,000,000 X .00^003") = 195.0 pounds per sqa/ire inch. 
This is the value of the temperature stress; and the new unit, 
stress ecjuals 

10,000 -f 195.0 = 10,195 j)ounds per square inch. 

Notice that the unit temperature stresses are independent of the length 
of the rod and the area of its cross-section. 

2. Suppose that the change of temperature in the preceding 
example is a rise instead of a fall. What are the values of the 
ttMMjRTatiire stress due to the change, and of the new unit-stress in 

the rod '( 

The temperature stress is the same as in example 1, that is, 
1,^^50 pounds per S(]uare inch ; but the rise in tem|)erature 
ic'le:ises, as it were, the stress in the rod due to its being screwed 
uj), and ll»e iinal unit stress is 

1(),(MH) - 1/J50 -^ 8,050 pounds ])er square inch. 

EXAHPLE FOR PRACTICE. 

1. Tlie ends of a wroupht-iron rod 1 inch in diameter are 
fastened to two lieavy bodies which are to be drawn together, the 
teni])erature of the rod being !200 degrees when fastened to the ob- 
jects. A fall of 120 degrees is observed not to move them. 
AVliat is tlie tem])erature stress, and what is the pull exerted by 
the rod on each object ? 

\ Temperature stress, 22,000 ])ounds per square inch. 
^^''^' \ Pull, 17,280 pounds. 

97. Deflection of Beams. Sometimes it is desirable to know 
how much a given beam will deflect under a given load, or to design 
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a l)eam which will not deflect more than a certain amount under a 
given load. In Table B, jmge 55, Part I, are given formulas for 
deflection in certain cases of beams and different kinds of loading. 

In those formulas, d denotes deflection; I the moment of inertia of the 
croHs-section of the beam with respect to the neutral axis, as in equation 6; 
and E the coeflScient of elasticity of the material of the beam (for values, sec 
Art. 95). 

In each case, the load should be expressed in pounds, the length in 
inches, and the moment of inertia in biquadratic inches; then the deflection 
will be in inches. 

According to the formulas for d^ the deflection of a beam 
varies inversely as the coeflicient of its material (Ej and the mo- 
ment of inertia of its cross -sec*t ion (1) ; also, in the first four and 
last two cases of the table, the deflection varies directly as the cube 
of the length (/''). 

Example, What deflection is caused by a uniform load of 
0,400 pounds (including weight of the beam) in a wooden ])eam 
on end supports, which is 12 feet long and (5 X 13 inches in 
cross-section ? (This is the safe load for the beam ; see example 
1, Art. (55.) 

The formula for this case (see Table 1>, page 55) is 

5 W/^ 
''""aS4rEI- 

Here W -n 0,400 poun<ls ; I ---- 144 inches ; E r ■. 1,800,000 
pounds per square inch ; and 

I =-. hv'^.^y T) X 12^ : S(>4 inches*. 

Hence the deflei'tion is 

I) X 0,400 > 144' 
■"' 3S4 X~1,S00,000~X^ S04 " ^^'^'^ *"''''• 

EXAMPLES FOR PRACTICE. 

1. C-ompule the deflection of a tiniluT l>uilt-in cantilt^ver 
8 X H inches which ])rojects 8 feet from tlu^ wall and bears an 
end load of 900 pounds. (This is the safe load for the cantilever, 
see example 1, Art. 05.) 

Ans. 0.43 inch. 

2. Compute the deflection caused by a uniform load of 40,000 
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pounds on a •42-j)ound 15-incli steel I-beam which is 1(> feet long 
and rests on end 8upj)orts. 

Ans. 0.28 inch. 

98. Twist of Shafts. Let Fig. 57 represent a portion of a 

shaft, and suppose that the part represented lies wholly between 




Fig. 57. 

two adjacent pulleys on a shaft to which twisting forces are applied 
(see Fig. 54). Imagine two radii ma and nh in the ends of the 
portion, they being parallel as shown when the shaft is not twisted. 
After the shaft is twisted they will not be parallel, 7na having 
moved to ina\ and nh to nh\ The angle between the two linec in 
their twisted positions (^ma* and nl/) is called the angle of twist, 
or angle of torsion, for the length L If a'a' is parallel to ah^ then 
the angle a'ith' equals the angle of torsion. 

If the stresses in the portion of the shaft considered do not 
exceed the elastic limit, and if the twiiting moment is the same 
for all sections of the portion, then the angle of torsion a (in 
degrees) can be computed from the following: 

For solid circular shafts. 



_5S4T/ 3(),800,000 11/ 

For hollow circular shafts, 

584 TW :m,800,00() 11/ 
^ = — - 



^ 



y 



(19) 



Here T, 7, <1^ ^/j, IT, and n have the same meanings as in Arts. 93 
and 94, and should be expressc<l in the units there used. The 
letter E* stands for a (jnantity called coefficient of elasticity for 
.shear; it is analogous to the coetHcient of elasticity for tension and 
compression (E), Art. 95. The values of E' for a few materials 
average about as follows (roughly E' = |^ E) : 
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For Steel, 11,000,000 pounds per square inch. 

For Wrought iron, 10,000,000 «» 

For Cast iron, 6,000,000 " " 



(( (t i( 



Example. What is the value of the angle of torsion of a 
steel shaft 60 feet long when transmitting f),000 horsepower at 
50 revolutions per minute, if the shaft is hollow and its outer and 
inner diameters are 16 and 8 inches respectively ? 

Here I = 720 inches; hence, substituting in the appropriate 
formula (l9), we find that 

_ 36,800,000 X 6,000 x ^720 
"" ■" 11,000,000 X (16* -8*) 50 " ^'' ^^fe'"^^'' 

EXAMPLE FOR PRACTICE. 

Suppose that the first two pulleys in Fig. 54 are 12 feet 

apart; that the diameter of the shaft is 2 inches; and that P, ^^ 400 

pounds, and a^ =^ 15 inches. If the shaft is of wrought iron, 

what is the value of the angle of torsion for the portion between 

the first two pulleys? 

Ans. 3.15 degrees. 

99. Non-elastic Deformation. The preceding formulas for 

elongation, deflection, and twist hold only so long as the greatest 

unit-stress does not exceed the elastic limit. There is no theory, 

and no formula, for non-elastic deformations, those corresponding 

to stresses which exceed the elastic limit. It is well known, how- 

ever, that non-elastic deformations are not prof)ortional to the 

forces producing them, but increase much faster than the loads. 

The value of the ultimate elongation of a rod or bar (that is, the 

amount of elongation at rupture), is (|uite well known for many 

materials. This elongation, for eight-inch specimens of various 

materials (see Art. 16), is : 

For Cast iron, about 1 per cent. 
For Wrought iron (plates), 12 - 15 per cent. 
For " " (bars), 20-25 " " . 

For Strurtural steel, 22 2(i *' " . 

Specimens of ductile materials (such as wroutrht iron and 
structural steel), when pulled to (lestrtietiT>n, neck down, that is, 
diminish very considerably in cross- sect ion at some ])lace along 
the length of the specimen. The decrease in cross-sectional area 
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are the platea under coinpreBaion at tlie sides of their botes. The 
" frictional strength " of a joint, hownver, is usaallj regarded as 
uncertain, and frenerally no allowance is made for friction in com- 
putations on the strength of riveted joints, 

104. Tensile and Compressive Strenstii of Riveted Plates. 
The holes ])nnched or drilled in a pl&te or bar weaken its tensile 
strength, and to compute that strength it is necessary to allow for 
the holes. By net section, in this connection, is meant the small- 
est cross.seftion of the plate or bar ; this is always a section along 
a line of rivet holes. 

If, as in the foregoing article, t denotes the thickness of the 
plates joined ; */, the diameter of the holes; n„ the number of riv- 
ets in a row ; and 7r, the width of the plate or bar; then the net 
section = (w - n/f) t. 

Let y, denote the tensile working strength of the plate ; then 
the strength of the unriveted plate is ?c(S„ and the reduced tensile 
strength is (w - «//) t S,. 

Tile compressive strength of a plate is also lessened by the 
presence of holes ; but when they are again filled up, as in a joint, 
the metal is rcjjlaced, as it were, and the compressive strength of 
the [iliile in restored. ?vo alKiwance is tben^fore made for holes in 
fignririg the oomjirensive strfngth of a plate. 

105. Computation of the Strength of a Joint: The strength 
of a joint is determined by either (1) the shearing value of the 
rivets; (2) the bearing vahie of the plate; or (3) the tensile 
rtrength of the riveted ])late if the joint is in tension. Let P, de- 
note the .itreiigth of the joint as computed from the shearing 
values of the rivets ; 1'^. that computed from the bearing value of 
the platen ; and P,. tiie tensile strength of the riveted platea. 
Then, as before explained, 

}\-- >,Ji.~Hr,i<PS.; and I (20) 

]',^-_=„/,/S,, ; ) 

>/. denoting the total nnnibrr of rivt-ls in the joint ; and w, denot- 
ing the lotal number of rivets in a bip joint, and (me-half the 
number of rivets in a bnlt joint, 

J'Sx'iiiij)li'i. 1. Two half-inch plates 7i inches wide are cod- 
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nected by a single lap joint double-riveted, six rivets in two rows. 
If the diameter of the rivets is | inch, and the working strengths 
are as follows : S,-= 12,000, S.= 7,500, and 8.= 15,000 pounds 
per square inch, what is the safe tension which the joint can 
transmit ? 

Here n^^-= 3, n^= 6, and n^= 6 ; hence 

Pt= (T-^-- 3 X -|-) X -|- X 12,000 = 31,500 pounds; 
P,- G X 0.7854 X {^y X 7,500 = 19,880 pounds ; 

P^=6X-^X-|-X 15,000 = 33,750 pounds. 

Since P, is the least of these three values, the strength of tiie 
joint depends on the shearing value of its rivets, and it equals 
19,880 pounds. 

2. Suppose that the plates described in the preceding example 
are joined by meails of a butt joint (two cover-plates), and 12 
rivets are used, being spaced as before. What is the safe tension 
which the joint can bear ? 

Here n^ = 3^ n^ = 12, and /?3 ^^ 1>; hence, as in the preced- 
ing example, 

Pt = 31,500; and P^ - - 33,750 pounds; but 

P^ = 12 X 0.7854 X {^y X 7,500 =: 39,760 pounds. 

The strength equals 31,500 pounds, and the joint is stronger than 
the first. 

3. Suppose that in the preceding example the rivets are 
arranged in rows of two. What is the tensile strength of the 
joint ? 

Here w, == 2, ;/.^ = 12, and t?^ = 0; hence, as in the preced- 
ing example, 

P, r- . 39,700; and P^ -- 33,750 pounds; but 

1\ ^ (7 -J -2 > ^-) 4 X 12,000 --- 3r),000 pounds. 

The strength equals 33,750 pounds, and tliis joint is stronger than 
either of the first two. 
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EXAMPLES FOR PRACTICE. 

Note. Use working strengths as in example 1, above. 
St = 12,000, S, = 7,500, and Sc = 15,000 pounds per s(iuaro inch. 

1. Two balf-inch j)lates 5 inches wide are connected by a 
lap joint, witli two |-incli rivets in a row. What is the safe 
strength of the joint ? 

Ans. 6,625 pounds. 

2. Solve the j)receding example supj)Osing that four ^-incb 
rivets are used, in two rows. 

Ans. 13,250 ])ounds. 

3. Solve exanijjle 1 supposing that three 1-inch rivets are 

used, placed in a row lengthwise of the joint. 

Ans. 17,670 pounds. 

4. Two half-inch j»lates 5 inches wnde are connected l)y a 
butt joint (two cover-plates), and four ^-inch rivets are used, in 
two rows. What is the strength of the joint ? 

Ans. 11,250 pounds. 

io6. Efficiency of a Joint. The ratio of the strength of a 
joint to that of the solid plate is called the '* efficiency of the 
joint." If ultimate strengths are used in computing the ratio, 
then the efficiency is called ultimate efficiency; and if working 
strengths are used, then it is called worlcing efficiency. In the 
follow iniT, we refer to the latter. An efficiency is sometimes ex- 
pre8se<l as a per cent. To exj)ress it thus, multiply the ratio 
strentjfli <[fj^fhtt -^ strrnijfh <pf solid j)h it i^ by 100. 

K.vawph\ It is recpiired to com])Ute the efficiencies of the 
joints described in the examples worked out in the ])receding article. 

In each case the plate is A inch thick and 7A inches wide; 
hence the tensile working strength of the solid plate is 

7_ X ,, X l*^^0()() --^ 45,000 jK)unds. 

Therefore the elliciencies of the joints are : 

^1) 457000 ^^•'^^''^'^^J^'''""^' 

(^\ -.^ -77^ = 0. n), or <0 per cent: 
^^ 45,000 ' I ' 

(•^) 45,000 "^ ^- '''' ""■ "^P«'"<=«°*' 
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applied. When the place of application is small so that it may l>e 
regarded as a point, it is called the ''point of aj)plication.'' Thus 
the place of application of the pressure (push or force) which a 
locomotive wheel exerts on the rail is the part of the surface of 
the rail in contact with the wheel. For practically all purposes 
this pressure may be considered as applied at a point (the center 
of the surface of contact), and it is c^UIed the point of application 
of the force exerted hy the wheel on the rail. 

A force which has a point of a])plication is said to have a line 
of action, and by this term is meant the line through the point of 
application of the force parallel to its direction. Thus, in the 
Fig. 1, the line of action of the force exerted on the body is 
the line representing the string. Notice clearly the distinction 

between the direction and line of action 
of the force; the direction of the force in 

the illustration could be represented by 

any horizontal line in the figure with an 
y. - arrowhead upon it pointing toward the 

right, but the line of action can be rep- 
resented only by the line representing the string, indefinite as to 
length, but delinite in ]>osition. 

That part of the direction of a force which is indicated by 
means of the arrowheiid on a line is called the sense of the force. 
Thus the sense of the force of the priHJtnling illustration is toward j 

the rii^ht and not toward the left. * 

2. Specification and Graphic Representation of a Force. 
For the purj)oses of statics, a force is completely specified or 
described if its 

(1) magnitude, (2) line of action, and (3) sense are known 
or given. 

These three elements of a force can be represented graphically, 
that is by a drawing. Thus, as already explained, the straight line 
(Fig. 1) represents the line of action of the force exerted U]X)n the 
body; an arrowhead plact^d on the line pointing toward the right 
gives the sense of the force; and a definite length marked oflE on the 
line represents to some scale the magnitude of the force. For ex- 
ample, if the magnitude is 50 pounds, then to a scale of 100 pounds 
to the inch, one-half of an inch represents the magnitude of the force. 
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It is often convenient, especially when miiny forces are con- 
cerned in a single problem, to use two 1 ines instead of one to 
represent a force — one to represent the macrnitnde and one the 
line of action, the arrowhead being plactni on either. Thus Fig. 2 
also represents the force of the preceding examj)le, AB (one-half 
ineh long) representing the magnitude of the force and ah its line 
of action. Tlie line AB might have been drawn anywhere in the 
figure, but its length is definite, being fixed by the scale. 

The part of a drawing in which the body uj)on which forceps 

act is represented, and in 
which the lines of action of the 

^ ^ forces are drawn, is called the 

Sc€Ue:lln.-ioolM space diagram (Fig. 2/^). 
/^ /^i If the bcKly were drawn to 

-,. ^ scale, the scali^ would be a cer- 

tain number of inches or f(»et 
to the inch. Tlie jwrt of a drawing in which the force mao;iiitudes 
are laid off (Fig. %h) is called by various names; h»t us call it th<* 
force diagram. The scale of a force diagram is always a certain 
numl)er of jK)unds or tons to the inch. 

' 3. Notation. When forces are represented in two separate 
diagrams, it is convenient to use a s[)ecial notation, namely: a 
ca[)ital letter at each end of the line represtMiting the magnitude 
of the force, and the same small letters on opjiosite sides of the 
lino representing the aetion line of the force (t^ee Fifj^. 2). Wh(»n 
wo wish to refer to a foreti, we shall state the caj)ital Letters ustMl 
in the notation of that force; thus "force AB" nutans the forcx^ 
whose magnitude, action line, and sense an^ representtKl by the 
lines AB and ah. 

In the algebraic work w«^ shall usually denote a force by tht» 
letter F. 

4. Scales. In this subject, scales will always be ex])ressed 
in feet or jHmnds to an incli, or thus, 1 inch ■•^' 10 feet, 1 in<*h - 
100 ])ounds, etc. The number of feet or j)ou]ids represented by 
one inch on thedrawin<£ is called the Krale Dunth i\ 

To -find th,' hnijth iff the line to r*'prt'}<f'nt a rertahh disttnirr 
or J^trrcOy (liolile thr fUsfanrr or J*nrr(> hy the ncah' nuinhrr; the 
quotient in the Icmjth to he laid off iti the drainimj. To Jind the 
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magnitude of a distance or a force represented by a certain line 
in a drawing y multiply the lenyth of the line by tlie scal^ num- 
ber; the product is the m^ynitvde of the distance or force j a^ the 
case may he. 

The scale to be used in making drawings depends, of coarse, 
upon how large the drawing is to be, and upon the size of the 
quantities which must be represented. In any case, it is con- 
venient to select the scale number so that the quotients obtained 
by dividing the quantities to be represented may be easily laid off 
by means of the divided scale which is at hand. 

Examples. 1. If one has a scale divided into 32nds, what 
is the convenient scale for representing 40 pounds, 32 pounds, 66 
pounds, and 70 pounds ? 

According to the scale, 1 inch = 32 pounds, the lengths 
representing the forces are respectively : 

*0 .1 32 , 56 ,^ 70 ^ . ^ 
82 = ^i' 82 = ^' 82 = ^i*' 32 = ^^V inches. 

Since all of these distances can be easily laid off by means of the 
"sixteenths scale," 1 inch = 32 pounds is convenient. 

2. Wh it are the forces represented by three lines, 1.20, 2.11, 
jind 0.75 inches lone;, the scale being 1 inch = 200 pounds? 

According to the rule given in the foregoing, we multiply 
each of the leug.hs by 200, thus : 

1.20 X 200 r= 240 pounds. 
2.11 X 200 = 422 pounds. 
0.75 X 200 - 150 pounds. 

KXAMPLES FOR PRACTICE. 

1. To a scale of 1 inch = 500 pounds, how long are the 
lines to represent forces of 1,250, 675, and 900 pounds ? 

Alls. 2.5, 1.35, and 1.8 inches 

2. To a scale of 1 inch -- 80 pounds, how large are the 
forces represented by 1^ and \X) inches ? 

Ans. 100 and 128 pounds. 

5. Concurrent and Non-concurrent Forces. If the lines of 
action of several forces intersect in a point they are called concur- 
rent forces, or a concurrent system, and the point of iotersection 
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\s culled the point of eoncffrrenre ot the forces. If the lines of 
action of several forces do not intersect in the same point, they are 
called noD-coDcnrrent, or a non -concurrent system. 

We shall deal only with forces whose lines of action lie in the 
same plane. It is true that one meets with problems in which 
there are forces whose lines of action do not lie in a plane, but 
such problems can usually be solved by means of the principles 
herein explained. 

6. Equilibrium and Equilibrant. When a number of forces 
act upon a body which is at rest, each tends to move it ; but the 
effects of all the forces acting upon that body may counteract or 
neutralize one another, and the forces are said to be balanced or rn 
eqvilibrtnin. Any one of the forces of a system in equilibrium 
balances all the others. A single force which balances a number 
of forces is called the equilibrant of those forces. 

7. Resultant and Composition. Any force which would pro- 
duce the same effect (so far as balancing other forces is concerned) as 
that of -any system, is called the resultant of that system. Evidently 
the resultant and the equilibrant of a system of forces must be 
equal in magnitude, opposite in sense, and act along the same line. 

The process of determining the resultant of a system of forces 
is called composition. 

8. Components and Resolution. Any number of forces 
whose combined effect is the same as that of a single force are 
called comi onents of that force. The process of "determining the 
components of a force is called resolat'ion. The most important 
case of this is the resolution of a force into two components. 

11. CONCURRENT FORCES ; COMPOSITION AND RESOLUTION. 

9. Graphical Composition of Two Concurrent Forces. Jf 

two forces are reprenented in vingn'tmle and direct ion by AB 
and BC {Fi(j, 3)f the inaxjnitade and direction of their resultant 
is represented by AC. This is known as the " triangle law." 

The line of action of the resulUtnt is lyarallcl to AC and 
pusses through the point of concurrence of the two given forces\ 
thus the line of action of the resultant is ac. 

Tlie law can be proved ex j>erimen tally by means of two spring 
balances, a drawing board, and a few cords arranged as shown in 
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Fig. 4. The drawing board (not shown) is set up vertically, then 
from two nails in it tho spring balances are hung, and these in 
turn 8uj)port by means of two cords a small ring A from which a 
heavy body (not shown) is suspended. The ring A is in equilibrium 
under the action of three forces, a downward force equal to the 




K^ 




(^) 



(b) 



Fig. 3. 



weight of the suspended body, and two forces exerted by tho upj)er 
cords whose values or magnitudes can be read from the spring 
balances. The first force is the e([uilibrant of the other two. 
Knowing tho weight of the suspended body and the readings of 
th(^ balances, lay off AB equal to the pull of tho right-hand upj>er 
string according to some convenient scale, and BC parallel to the 




left-hand upper string and equal to tho force exerted by it. It 
will then bo found that tho lino joining A and C is vertical, and 
e<|ual3 (by scale) tho weight of tho suspended body, llence AC.-, 
with arrowhead pointing down, nq)rosents the equilibrant of the 
two upward pulls on tlu^ ring; and with arrowhead j)ointing up, it 
rej)resents the resultant of those two forces. 
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Kotice eBpecially bow the arrowheads are related in the tri- 
angle (Fig. 3), and be certain that you nitderstand this la^*^ before 
proceeding far, as it is the basis uF most of this subject. 

Examples, Fig. 5 represonte a board 3 feet scjuare to which 
forces are applied as shown. It 
is required to coni{X>nud or find 
the resultant of the 100- and 80- 
pound forces. 

First we make a drawing of 
the board and mark upon it the 
lines of action of the two forces 
whose resultant is to be found, as 
in Fig. 6. Then by some conven. 
lent scale, as 100 pounds to the 
inch, lay off from any convenient Fig. 5. 

point A, a line AB in the direc- 
tion of the 100-pound force, and make AB one inch long, repre- 
senting 100 pounds hy the scale. Then from B lay off a line BO 
in the direction of the second force and make BC, 0.8 of an inch 
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Fie. 6. 

long^ representing 80 pounds l»y tlie scale. Tlion the line W, with 
the arrow pointing ^/'ort* A to (', n'jirescnts the magnitude and 
direction of the resultant. Since AC ecjuals l.IKi inch, the result- 
ant equals 

1.00 X 100 = 106 pounds. 
The line of action of the resultant is m; ptirallcl lo AO and pass- 
ing through the intersection of the lines of action (the point of 
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concurrence) of tho given forces. To complete the notation, we 
mark these lines of action nb and he as in the figure. 

EXAMPLES FOR PRACTICE.* 

1. Determine the resultant of the 100- and the 120-pound 
forces represented in Fig. 5. 

I The magnitude is 194 pounds; the force 
Ans. .| acts upward through A and a point 1.62 
( feet to the right of D. 

2. Determine the resultant of the 120- and the 160-pound 
forces represented in Fig. 5. 

r The magnitude is 200 pounds; the force 
Ans. -^ acts upward through A and a point 9 
( inches below C. 

lo. Alj^ebraic Composition of Two Concurrent Forces. If 

the angle between the lines of action of the two forces is not 90 

degrees, the algebraic method is 
not simple, and the graphical is 
usually preferable. If the angle' 
is 90 degrees, the algebraic meth- 
od is usually the shorter, and this 
(b) is the only case herein explained. 

Pig 7 Let Fj and F2 be two forces 

acting through some point of a 
Ixxly as n»presentwl in Fig. 7^/. AB and BO represent the magni- 
tudes and direction of Fj and F., respectively; then, according to 
i\w triantrle law (Art. 0), AO represents the magnitude and direc- 
tion of the resultant of F^ and Fo^ ^"^^ ^^^^ ''"® marked R (parallel 
to \C) is the line of action of that resultant. Since ABO is a 
ritrht triantrle, 





(Ar/---(ABr +(Br)i 



Hllfl, 



tan OAB-- 



Br 

AB" 



* \5i^(^ sheets of paper not smaller than large letter tjize, and devote a full 
shod to oacli example. In reading the answers to these examples, remember 
that the board on which the forces act was stated to be 3 feet square. 
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Now let R denote the resultant. Since AC, Al>, and BC 
represent II, F^, and Fo re8[)ectively, and angle {)\U — .r, 

IV = l\' + F/; or li = I V/ i ~i7; 
and, tan.i/? -- F^ -r- Fj. 

I>y the help of these two ecpiations we c'(>nij)Ute the luai^ni- 
tu<K) of the resultant and inclination of its line of action to the 
force Fj. 

tJjutntph', It is re([uired to determine the resultant of the 
120- and the lf)0-[)onn<l forct»8 represented in Fi*^. 5. 

Ixjt us call the lf>()-j>ound force F^; then, 

K =. v/i<)(V~+"it>0^== I 257600 4- 14,400" 

= V^407)00 = 200 pounds; 

120 
and, tan ^j = --ttjt = ^; licnce ./• -— Hf)' 52'. 

The resultant therefore is 200 pounds in niat^nitude, acts through 
A (Fig. 5) upward and to the right, making an angle of 80' 52' 
with the horizontal. 

EXAMPLES FOR PRACTICE. 

1. Determine the resultant of the 50- and 70-pound forces 
representtnl in Fig. 5. 

^ li = 80 pounds; 

] angle between li and 70. pound forct^ - ^^^>' 82'. 

2. Determine the resultant of the <)0- and 7()-pound forces 
represented in Fig 5. 

^ li -- - 1)2.2 pounds ; 

j angle betwtHMi li and 70-pound force - - 40^* 80'. 

II. Force Polygon. If lines representing tlie magnitudes 
and directions of any number of forces be drawn continuous and 
so tlmt the arrowheads on the lines point the same way around on 
the series of lines, the figure so formed is called \\\kd forc^ i)ohj(joii 
for the forces. Thus ABCD (Fig. ^) is a force polygon for the 
SO-, DO-, and 100-pound forces of Fig. 5, for AI>, B(\ and CI) rcp- 
resent'the magnitud(»s and directions of those forces respectively, 
and the arrowheads point in the same way around, from A to D. 
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A number of force polygons can be drawn for any system of 
forces, no two alike. Thus A^ B^ C^ Dj and A, B^ C^ D, are other 
force polygons for the same three forces, 80, 90, and 100 pounds. 
Notice that A3 B, C, Dj is not a force polygon for the three forces 
although the lines represent the three forces in magnitude and 
direction. Tlie reason why it is not a force polygon is that the 
arrowheads do not all point the same way around. 

^' f 

/sou*. c/ , 

\aou». ^,^' 



,eott». 




Fig. 8. 

A force polygon is not necessarily a closed figure. If a force 
polygon closes for a system of concurrent forces, then evidently 
the resultant equals zero. 

EXAMPLE FOR PRACTICE 

Draw to the same scale as many different force polygons as 
you can for the 100-, 120- and 160-pound forces of Fig. 5. Be^r 
in mind that the arrowheads on a force polygon point the same 
way around. 

12. Composition of More Than Two Concurrent Forces. The 
graphical is much the simpler method; therefore the algebraic one 
will not be explained. The following is a rule for performing the 
composition graphically: 

(1). Draw a force polygon for the given forces. 

(2). Join the two ends of the polygon and place an arrow- 
head on the joining line pointing from the beginning to the end 
of the polygon. That line then represents the magnitude and 
direction of the resultant. 

(3). Draw a line through the point of concurrence of the 
given forces parallel to the line drawn as directed in (2). This line 
represents the action line of the resultant. 

Exximplc. It is required to determine the resultant of the 
four forces acting through the point E (Fig. 5). 
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First, make a drewiog of the board and indicate the lines of 
action of the forces as shown in Fig. 9, but without lettering. 
Then to conBtmct a force polygon, draw from anyconvenient point 
A, a line in the direction of one of the forces (the 70- pound force), 
and make AB equal to 70 pounds according to the scale (70 -^ 
100 = 0.7 inch). Then from B draw a line in the direction of 
the next force (80-pound), and make BC equal to 0.8 inch, rep- 
resenting 80 ponnda. Next draw a line from C in the direction 
of the third force (90-pound), and make CD equal to 0.9 inch, 
representing 90 pounds. Finally draw a line from D in the direc. 
tion of the last force, and make DE equal to 0.6 inch, representing 
60 pounds. The force polygon is ABCDE, beginning at A and 
ending at E. 

The second step is to connect A and E and place an arrow- 
head on the line pointing from A to E. This represents the 
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magnitude and direction of the resultant. Since AE = 1.16 
inches, the resultant is a force of 

1.16 X 100 ^ 116 pounds. 

The third step is to draw a line no through the point of con- 
currence and parallel to AE. This is the line of action of the 
resnltant. (To complete the notation the lines of action of the 70-, 
80-, 90- and 60.pound forces should be marked ah, he, cd, and de 
respectiTely.) 

That the rule for composition is correct can easily be proved. 
According to the triangle law, AC (Fig, 9), with arrowhead point- 
ing from A to 0, represents the magnitude and direction of the 
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resultant of the 70- and 80-pound forces. According to the law, 
AD, with arrowhead pointing from A to D, represents the magni- 
tude and direction of the resultant of AC and the OO-pound force, 
hence also of the 70-, 80-, and 90-pound forces. According to the 
law, AE with arrowhead pointing from A to E, represents the 
magnitude and direction of the resultant of AD and the GOpound 
force. Thus we see that tlie foregoing rule and the triangle law- 
lead to the same result, but the application of the rule is shorter as 
in it we do not need the lines AC and AD. 

EXAMPLES FOR PRACTICE. 

1. Determine the resultant of the four forces acting through 
the point A (Fig. 5). 

( 380 j)0und8 acting upward through A and a 
' ( point 0.45 feet l>elow C. 




loolbs. 




"2, Determine tlie resultant of the three forces acting at the 
point F (Fig. 5). 

(155 pounds acting upward through F and a 
* I point 0.57 feet to left of C. 

13. Graphical Resolution of Force into Two Concurrent 
Components. This is performed by applying the triangle law 
inversely. Thus, if it is required to resolve the 100-pound force 
of Fig. 5 into two components, we draw first Fig. 10 (a) to show 
the line of action of the force, and then AB, Fig. 10 (b), to represent 
the magnitude and direction. Then draw from A and B any two 
lines which intersect, mark their intersection C, and place arrow- 
heads on AC and CB, pointing from A to C and from C to B. Also 
draw tw^o lines in the space diagram parallel to AC and CB and so 
that they intersect on the line of action of the 100-pound force, ab. 
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The test of the correctness of a solution like this is to take 
the two components as found, and find their resultant; if the 
resultant thus found agrees in magnitude, direction, and sense 
with the given force (originally resolved), the solution is correct. 

Notice that the solution above given is not definite, for the 
lines drawn from A and B were drawn at random. A force may 
therefore be resolved into two components in many ways. If, 
however, the components have to satisfy conditions, there may be 
but one solution. In the most important case of resolution, the 
lines of action of the components are given; this case is definite, 
there being but one solution, as is shown in the following example. 

Example. It is required to resolve the 100-pound force 
(Fig. 5) into two components acting in the lines AE and AB. 

Using the space diagram of Fig. 10, draw a line AB in Fig. 
10 (c) to represent the magnitude and direction of the 100-pound 
force, and then a line from A parallel to the line of action of 
either of the components, and a line from B parallel to the other, 
thus locating D (or D'). Then AD and DB (or AD' and D'B) repre- 
sent the magnitudes and directions of the required components. 

EXAMPLES FOR PRACTICE. 

1. Resolve the 160-pound force of Fig. 5 into components 
which act in AF and AE. 

{ Tlie first component equals 23SA pounds, and its sense 
Ans. I is from A to F; the second component equals 119^ 
( pounds, and its sense is from E to A. 

2. Resolve the 50.pound force of Fig. 5 into two compo- 
nents, acting in FA and FB. 

I The first comjwnent equals 87.8 j)ound8, and its sense 
is from A to F; the second component equals 47.0 
pounds, and its sense is from B to F. 
14. Algebraic Resolution of a Force Into Two Components. 
If the angle between the lines of action of the two components is 
not 90 degrees, the algebraic method is not simple and the 
graphical method is usually preferable. When the angle is 90 
degrees, the algebraic method is usually the shorter, and this is the 
only case herein explained. 

Let F (Fig. 11) be the force to be resolved into two compo- 



140 



16 



STATICS 



nents acting in the lines OX and OY. If AB is drawn to repre- 
sent the magnitude and direction of F, and lines be drawn from 
A and B parallel to OX and OY, thus locating C, then AO and 
BC with arrowheads as shown represent the magnitudes and 
directions of the required components. 

Now if F and F" represent the components acting in OX 
and OY, and x and y denote the angles between F and F, and F 
and F" respectively, then AG and BO represent F' and F", and the 
angles BAG and ABG equal x and y respectively. From the 
right triangle ABG it follows that 

and, F' ^^ F cos a?, and F" =^ F cos y. 

If a force is resolved into two components whose lines of 

action are at right angles to 
each other, each is called a 
rectangular component of 
that force. Thus F and F" 
are rectangular components 
ofF. 

The foregoing equations 
show that the rectangul^ir 
component of a force along any line equals the product of the 
force and the cosine of the angle between the force and the lins. 
Thoy show also that the rectangular compofient of a force along 
its own line of action equals the force^ and its rectangular com- 
ponent at right angles to the line of action equals zero. 

Examj>les, 1. A force of 120 pounds makes an angle of 
22 degrees with the horizontal. What is the value of its compo- 
nent along the horizontal ? * 

Since cos 22'^ = 0.927, the value of the component equals 
120 X 0,027 -- 111.24 pounds. 

2. What is the value of the component of the 90-pound 
force of Fig. 5 along the vertical ? 

First wo must find the value of the angle which the 90-pound 
force of Fig. 5 makes with the vertical. 





Fig. 11. 



* When nothing is stated herein as to whether a component is rectan- 
gular or not, then rectangular component is meant. 



STATICS 17 



Since tan KAG -^^-^ h angl« ^^^ -^ 2(^ 34'. 

Hence the value of the desired component equals 

90 X cos 26° 34' == 90 X 0.8944 . 80.50 pounds. 

EXAMPLES FOR PRACTICE. 

1. Compute the horizontal and vertical components of a 
force of 80 pounds whose angle with the horizontal is 60 degrees 

( 40 pounds. 
( 69.28 pounds. 

2. Compute the horizontal and vertical components of the 
100-pound force in Fig. 5. What are their senses ? 

( 89.44 pounds to the right. 
( 44.72 pounds upwards. 

3. Compute the component of the 70-pound force in Fig. 5 
along the line EA. What is the sense of the component ? 

Ans. 31. 29 pounds ; E to A. 

111. CONCURRENT FORCES IN EQUILIBRIUM. 

15. Condition of Equilibrium Defined. By condition of 
equilibrium of a system of forces is meant a relation which they 
must fulfill in order that they may be in equilibrium or a relation 
which they fulfill when they are in equilibrium. 

In order that any system may be in equilibrium, or be 
balanced, their equilibrant, and hence their resultant, must be 
zero, and this is a condition of equilibrium. If a system is known 
to be in equilibrium, then, since the forces balance among them- 
selves, their equilibrant and hence their resultant also equals zero. 
This (the necessity of a zero resultant) is known as the general 
condition of equilibrium for it jwrtains to all kinds of force sys- 
tems. For special kinds of systems there are special conditions, 
some of which are explained in the following. 

16. Qrapfiical Condition of Equilibrium. T/te ^^ (jraphii'cfl 
cofidition of eijuUihrlum^'* for a systcf/i tf voneurrcnt forces is 
that the polygon for the forces must close. For if the jx)lygon 
doses, then the resultant equals zero as was pointed out in Art 11. 

By means of this condition we can solve problems relating to 
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tfie algebraic su/tts of the components of the forces alou(f each oj 
two lines at right angles to each other must equal zero, 

Ex^nnples. 1. It is required to determine the pull on the 
rope and the pressure on the plane in Example 1, Art. 10 (Fig. 12), 
it being given that the inclination of the plane to the horizontal is 
30 degrees. 

Let US denote the pull of the rope by F^ and the pressure of 
the plane by F2. The angles which these forces make the horizon- 
tal are 30' and 00° respectively; hence 

the horizontal component of Fj = F^ X cos 30' = 0.8000 Fj, 

and '^ " « '' F, = \\ X cos 00' = 0.5000 l\\ 

also '* *' " '* the weight == 0. 

The angles which Fj and F, make with the vertical are 00' and 
30"* respectively, hence 

the vertical component of F^ = Fj X cos OO'' = 0.5000 Fj, 
and the vertical component of F, = Fg X cos 30° = 0.8000 F^; 
also the vertical component of the weight = 120. 

Since the three forces are in equilibrium, the horizontal and the 
vertical components are balanced, and hence 

0.800 Fj = 0.5 F2 
and 0.5 F^ + 0.800 Fo = 120. 

From these two equations F^ and Fo may l)edeteriainiHl; thus 
from the first, 

F, = -Q^ Fj = 1.732 \\. 

« 

Substituting this value of F2 in the second equation we have 

0.5 Fi + 0.800 X 1.732 Fj ^ 120, 
or 2 Fj = 120; 

hence, F^ = —^ = 00 pounds, 

and F2 = 1.732 X 00 = 103.92 pounds. 

2. It is required to determine the pulls in the ropes of 
P'ig. 13 by the algebraic method, it being given tliat tlie angles 
which the left- and right-hand ropes make with the ceiling are 
30 and 70 degrees respectively and the body weighs 100 pounds. 
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Lt?t ua denote the pulls iu tlie right- and left-hand ropes by 
Fj and F, respectively. Then 

the horizontal component of P\ = F^ X cos 70" = 0.342 F^, 
the horizontal com[Knient of F2 = F2 X cos 30' = 0.8G6 Fo, 
the horizontal component of the weight = 0, 
the vertical component of F^ = Fj X cos 20^ = 0.9397 F^, 
the vertical component of F2 = Fg X cos GO'' = 0.500 Fj, 
and the vertical component of the weight = 100. 

Now since these three forces are in equilibrium, the horizontal 

and the vertical components balance; hence 

0.342 • i\ = 0.866 F, 

and 0.9397 F^ + 0.5 F, = 100. 




Fig. 15. 

These etjuations may be solved for the unknown forces; thus from 
the tirst, 

^^ "^ 342 ^ * ^^ 2.532 F,. 
Substituting this value of l'\ in the second equation, we get 

0.9397 X 2.532 F, + 0.5 F, = 100, 

or, 2.88 F, = 100 ; 

100 
hence F^ = ,,—7: = 34.72 pounds, 

and Fj -- 2.532 X 34.72 = 87.91 jujunds. 

EXAHPLES FOR PRACTICE. 

1. Solve Ex. 1, Art. 1*> algebraically. (First determine 
the angle which the inclined rope makes with the horizontal; you 
should lind it to be ()3^ 2(>'.) 
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2. Solve Ex. 2, Art. 16 algebraically. 

3. Solve Ex. 3, Art. IG algebraically. 



IV. ANALYSIS OF TRUSSES; *• HETHOD OF JOINTS." 

IS. Trusses. A truss is a frame work used principally to 
support loads as in roofs and bridges. Fig. 10, 25, 26 and 27 
represent several forms of trusses. The separate bars or rods, 12, 
23, etc. (Fig. 16) are called inenibera of the truss and all the parts 
immediately concerned with the connection of a number of mem- 
bers at one place constitute vl joint. A " pin joint " is shown in 
Fig. 15 [a) and a "riveted joint" in 15 {h). 

19. Truss Loads. The loads which trusses sustain may be 
classified into fixed, or dead, and moving or live loads. A fixed, 
or dead load, is one whose place of application is fixed with refer- 
ence to the truss, while a moving or live load is one whose place 
of application moves about on the truss. 

Roof truss loads are usually fixed, and consist of the weight 
of the truss, roof covering, the snow, and the wind pressure, if any. 
Bridge truss loads are fixed and moving, the first consisting of the 
weights of the truss, the floor or track, the snow, and the wind press- 
ure, and the second of the weight of the passing trains or wagons. 

In this paper we shall deal only with trusses sustaining fixed 
loads, trusses sustaining moving loads being discussed later. 

Weight of Roof Trusses. Before we can design a truss, it is 
necessary to make an estimate of its own weight; the actual weight 
can be determined only after the truss is designed. There are a 
number of formulas for computing the probable weight of a truss, 
all derived from the actual weights of existing trusses. If W 
denotes the weight of the truss, I the span or distance between 
supports in feet and a the distance between adjacent trusses in fe<»t, 
then for stec»l trusses 

W = <d {— + 1); 

and the weight of a wooden truss is somewhat less. 

Roof Covering. The beams extending between adjacent 
trusses to 8Up|X)rt the roof are called jturllns. On these there are 
sometimes placed lighter beams called ruftera which in turn eup- 
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port roof hoards or ^^ sheathing " and the other covering. Sonie- 
tiraes the purlins are spaced closely, no rafters being used. 

The following are weights of roof materials in pounds jter 
Hijiiare foot of roof surface: 

Sheathing: Boards, 3 to 5, 

Shingling: Tin, 1; wood shingles, 2 to 3; iron, 1 to 3; slate, 

10; tiles, 12 to 25. 

Rafters: 1.5 to 3. 

Purlins: Wood, 1 to 3; iron, 2 to 4. 

Snow Loads. The weight of the snow load that may have 
to be borne depends, of course, on location. It is usually taken 
from 10 to 30 pounds per square foot of area covered by the roof. 

Wind Pressure. Wind pressure per square foot depends on 
the velocity of the wind and the inclination of the surface on 
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C3) \L (6) 

Fig. 16. 

which it blows to the direction of the wind. A horizontal wind 
blowing at 90 miles per hour produces a pressure of about 40 
pounds per square foot on a surface perj)endicular to the wind, 
while on surfaces inclined, the pressures are as follows: 

10 to the horizontal. 15 pounds per square foot, 

20^ (( (( (( 24 ^^ ^' '' ^^ 

30' '* *^ '^ 

50M)()' '' '* " 

The wind 2)resf<ure on on inclined warfare is practically per- 
pendicular to the surface, 

20. Computation of <<Apex Loads/' The weight of the 
roof covering including rafters and purlins comes upon the 
trusses at the points where they support the purlins; likewise the 
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pressure due to wind and snow. Sometimes all the purlins are 
supported at joints; in such cases the loads mentioned act upon the 
truss at its joints. However, the roof, snow, and wind loads are 
always assumed to be applied to the truss at the upper joints of 
the trusses. This assumption is equivalent to neglecting the bend- 
ing effect due to the pressure of those purlins which are not sup- 
ported at joints. This bending effect can be computed separately. 

The weight of the truss itself is assumed to come upon the 
truss at its upper joints; this, of course, is not exactly correct. 
Most of the weight does come upon the uj)per joints for the upper 
members are much heavier than the lower and the assumption is 
in most cases sufficiently correct. 

Examples. 1. It is required to compute the apex loads for 
the truss represented in Fig. 16, it being of steel, the roof such 
that it weighs 15 pounds per square foot, and the distance between 
adjacent trusses 14 feet. 

The span being 42 feet, the formula for weight of trua« 

(Art. 19) becomes 

4.0 
14 X 42 (^ + 1) == 1,575.84 pounds. 



The length 14 scales about 24|^ feet, hence the area of roofing 
sustained by one truss equals 

48i X 14 = ()79 scjuare feet, 
and the weight of the roofing ecjuals 

079 X 15 =: 10,185 pounds. 

Tlie total load ecjuals 

1,575.84 + 10,185 = ll,7r>0.84 pounds. 

Now this load is to be proportioned among the five upper joints, 
but joints numbered (1) and (7) sustain only one-half as much 
load as the others. Hence for joints (1) and (7) the loads equal 

— of 11,700 =: 1,470, 

and for (2), (4) and (5) tliey equal 

-J- of 11,7(50 -= 2,940 pounds. 
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and inclined members in Fig. 15 are in tension, they exert pulls 
on the joint, and if the vertical is a compression member, it ex- 
erts a push on the joint as indicated. The forces acting at a 
joint are therefore concurrent and their lines of action arc 
always Jinovm, 

23. General Method of Procedure, The forces acting at a 
joint constitute a system in equilibrium, and since the forces are 
concurrent an J their lines of action are all known, we can determine 
the magnitude of two of the forces if the others are all known; for 
this is the important problem mentioned in Art. 16 which was 
illustrated there and in Avi, 17. 

Accordingly, after the loads and reactions on a truss, which is 
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to bo analyzed, have been ascertained*, we look for a joint at which 
only two members are connected (the end joints are usually such). 
TluMi we consider the forces at that joint and determine the two 
unknown forces which the two members exert upon it by methods 
explained in Arts. 10 or 17. The forces so ascertained are the 
direct stresses, or stresses, as we shall call them for short, and they 
are the Vidfft-s of the jm.shcs (>r pulls which those same raemhers 
e.ve/'f vpoth the ;](tintH at their other eti(lf<. 

Next wo look for another joint at which but two unknown 
forces act, then determine these forces, and continue this process 
until tlie stress in each uiember has been ascertained. We explain 
further by means of 

Exninjdeii, 1. It is desired to determine the stresses in the 



* How to ascertain tho valuos of the r(.»actions is explained in Art. 37. 
For tho present their values in any given case are merely stated. 
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members of the steel truss, represented in Fig. 10, due to its own 
weight and that of the roofing assumed to weigh 12 pounds per 
square foot. The distance between trusses is 14 feet. 

The apex loads for this case were computed in Example 1, 
Art. 20, and are marked in Fig. 16. Without computation it is 
plain that each reaction equals one-half the total load, that is, J of 
12,000, or 0,000 pounds. 

The forces at joint (1) are four in number, namely, the left 
reaction (G,000 pounds), the load applied there (1,500 pounds), 
and the forces exerted 
by members 12 and 
13. For clearness, we 
represent these forces 

so far as known in Fig. ^/^ y ^ 3ooolb3. 

17 [ii)\ we can deter- 
mine the two un- 
known forces by ^" ^ ,. , 

^ D Qooolbs. 

merely constructing a tyx 

closed force polygon Sce^le. 
for all of them. To iin.-6ooo llos. 
construct the polygon, Pi^. jg, 

we first represent the 

known forces; thus AB (1 inch long with arrowhead pointing up) 
represents the reaction and BC (^ inch long with arrowhe?d point- 
ing down) represents the load. Then from A and C we draw lines 
[mrallel to the two unknown forces and mark their intersection D 
(or D'). Then the polygon is ABCDA, and CD (1.5 inches = 
9,000 pounds) represents the force exerted by the member 12 on 
the joint and DA (1.3 inches = 7,800 pounds) represents the force 
exerted by the member 13 on the joint. The arrowheads on BC 
and CD must point as shown, in order that all may point the same 
way around, and hence the force exerted by member 12 acts 
toward the joint and is a push, and that exerted by 13 acts away 
from the joint and is a pull. It follows that 12 is in compression 
and 13 in tension. 

If D' be used, the same results are reached, for the j)olygon is 
ABCD'A with arrowheads as shown, and it is plain that CD' and 
DA also D'A and CD are equal and have the same sense. But one 
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of theso f(>:vo [Hilvgons is j)referahle for reasons exj)laiiHil later. 

Since 1*J is in comprt^ssion, it exerts a push ( J ),0()0 pounds) 
on joint (2) as represented in Fig. IS (ti)j and since 13 is in 
tension it exerts a pull (7,S(K) {K)unds) on joint (3) as represented 
in Fitr. 11) (//). 

The forces at joint (2) are four in number, the lojid (3,000 
|>ounds'), the force 0,000 pounds, and the force exerted upon it by 
the nieniln^rs "^-i and 23; they art» represented as far as known in 

Fig. 18 ((i). We determine the un- 
296o lbs. known forces by constructing a closer! 

. \ / P^^lyg^" ^^^ *'' ^^ them. Represent - 

^^ ^ ^ ing the known forces first, draw AB 

o IDS. ^j - inches long with arrowhead point- 

(b) ing up) to represent the 9,000 pound 

^ D A force and BC (i inch long with arrow- 

head }X)inting down) to represent the 
Sce^-le: load of 3,000 pounds. Next from A 

5 lin.=6ooonos. a,jd C draw lines parallel to the two 
Fip. lu. unknown forces and mark their inter- 

8?t»ction D; then the force polygon is 
AB(M^A and the arrowhead:=? on CD and DA must point as shown. 
( I> (^1.25 ineht's — 7,500 pounds) represents the force exerted on 
joint {^2) by 24; since it acts toward the joint the force is a push 
and member 21 is in compres ion. DA (0.43 inches ~ 2,5X0 
pounds) rejireseiits the force exerted on the joint by member 23; 

since tlie force acts toward the joint it is a push and the member 
is in coinjuvssion. Member 23 therefore exerts a push on joint 

(^3) as shown in Fig. li> ('^). 

At joinl (3) there are four forces, 7,800 pounds, 2,580 
pounds, and the forces exerted on the joint by members 34 and 30. 
To determine these, construct the j)()lygon for the four forces. 
Thus, AH (1.3 inches long with arrowhead pointing to the left) 
represents the 7,>^00-pound force and I>(' (0.43 inches long with 
arrowheads j)oi II ting down) represents the 2,5.b0-pound force. Next 
draw from A and C two lines parallel to the unknown forces and 
mark their intersection D; then the force polygon is ABCDxV and 
the arrowhead on CD and DA must point upward and to the right 
respectively. CD (0.43 inches - 2,5s0 pounds) represents the 
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force exerted on the joint by member 84; since the force acts 
away from the joint it is a pull and the member is in tension. 
DA (0.87 inches = 5,220 pounds) represents the force exerted 
upon the joint by the member 36; since the force acts away from 
the joint, it is a pull and the member is in tension. 

We have now determined this amount and kind of stress in 
members 12, 13, 23, 24, 34 and 36. It is evident that the stress 
in each of the members on the right-hand side is the same as the 
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stress in the corresryond intone on the left-hand side; hence further 
analysis is unnecessary. 

2. It is required to analyze the truss represented in Fig. 
20(a), the truss being supported at tlie ends and sustaining two 
loads, 1,800 and COO pounds, as shown. (For simplicity we as- 
sumed values of the load; the lower one might be a load due to a 
suspended body. We shall solve algebraically.) 

The right and left reactions equal 900 and 1,500 pounds as 
is shown in Example 1, Page 50. At joint (1) there are three 
forces, namely, the reaction 1,500 poginds and the forces exerted 

by members 13 and 14, which we will denote by Fj and Fg respect 
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iwly. Tin* three forces are represented in Fig. 20 (//) as fur as 

they are known. These three forces being in equilibrium, their 

horizontal and their vertical components balance. Since there are 

hut two horizontal comj>onenta and two vertical com|)onents it 

follows that (for balance of the components) Fj must act downward 

and Fj towanl the right. Hence iueml)er 13 pushes on tln^ joint 

and is under compression while member 14 pulls on the joint and 

is under tension. From the figure it is plain that 

till* horizontal component of Fj — Fj cos 53^ 8' = 0.0 Fj*, 

the horizontal com{)onent of Fo = F.», 

the vertical c«)mjH)nent of F^ = Fj cos 36' 52' = 0.8 F„ 

aiul the vertical comjM)nt»nt of the reaction = 1,500. 

Hence O.fJ F^ = Fj, and 0.8 Fi = 1,500; 

or, Ti = g = l,Sio pounds, 

and Fj = 0.0 X 1,8T5 = 1,125 pounds. 

Since inemlxTs 14 and 13 are in tension and compression n\^j)ecl- 
ivcly. 11 pulls on joint (4) as shown in Fig. 20 (c) and 13 pushes 
on joint (3^ as shown in Fig. 20 ((/). 

The forces acting at joint \,4) are the load 000 pounds, the 
pull 1,12.') pounds, and the forces cxertnl by meml)ers 34 and 24; 
the la>t two we will call F, and F^ res[Hvtively. The four fonrs 
being horizontal or vertical, it is plain without computation that 
for balanic F^ must be a pull of 1,12,") pouuils and F3 one of (UK) 
poinids. Since niciubcrs 42 and 43 pull on the joint they arc 
both in tension. 

McTulier l.*>, being in tension, pulls down on joint (3» as 
bliown in Fig. 20 k/j. The other foR-cs acting on that joint are 
the load 1.^00 ])ounds, the push 1,^75 jKUinds, the pull 600 
pounds, and tlu» force exerted by memlH»r 32 which wo will call 
F;,. The only one of these forces having horizontal components 
are 1,^7'") and F-; hence in order that these two com|K)nents may 
balanct*, F- must act towanl the left. 1%, is therefore a jnish 
and the member 32 is under compn*ssion. 

* Tlio angles ran Im* iMm^pntcMl from tin* (linicnsionsof tho truss: often 
they can ho ascortaiiUMl casirst by scaling tlicin with a protractor from a 
lar^^o sizo drawing <)f the* truss. 



STATICS 



33 



The horizontal component of 1,875 = 1,875 X cos 53^ 8' = 1,125; 
and the horizontal component of F5 = F5 X co9 38^ 40' = 
0.7808 F5. 
Hence 0.7808 F5 ^. 1,125, 

or, F5 .-- -j^-^^-^ - - 1,440 pounds. 

(This same truss is analyzed gra])hically later.) 

24. Notation for Graphical Analysis of Trusses. The nota- 
tion described in Art. 3 can be advantac/eously systematized in 
this connection as follows: Each triangular space in the diagram 
of the truss and the spaces between consecutive lines of action of 
the loads and reactions should ba marked by a small letter (see 




Fig. 21 a). Then the two letters on 
opposite sides of any line serve to denote 
that line and the same large letters are 
us€*d to denote the force acting in that 
line. Thus cd (Fig. 21 r^) refers to the 
member 12 and (.'D should be used to 
stand for the force or stress in that 
member. 

25. Polygon for a Joint. In draw- 
ing the polygon for all the forces at a 
joint, it is advantageous to represent the 
forces in the order in which they occur 
about the joint. Evidently there are 
always two possible orders thus (see Fig. 20 d) F^,, 600, 1,875, and 
1,800 is one order around, and F., 1,800, 1,875, and GOO is another. 
The first is called a clockwise order and the second counter-clockwise. 




lin.-6ooolb8. 
Fig. 21. 
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A force polygon for tlie forces at a joint in which the forces are 
represented in either order in which they occur about tlie joint is 
called a polygon for thejoint^ and it will be called a clockwise or 
counter-clockwise polygon according as the order followed is clock- 
wise or counter-clockwise. Thus in Fig. 17 (a), ABCDA is a 
clockwise polygon for joint (1). ABCD'A is a polygon for the 
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forces at the joint; it is not a poly- 
gon for the joint because the order 
in which the forces are represented 
in that polygon is not the same as 
either order in which they occur 
about the joint. 

(Draw the counter-clockwise 
polygon for the joint and compare 
*it with ABCDA and ABCD'A.) 

20. Stress Diagrams. If the 
polygons for all the joints of a truss 
are drawn separately as in Example 
1, Art. 23, the stress in each mem- 
ber will have been represented twice. It is possible to combine 
the polygons so that it will be unnecessary to represent the stress 
in any one member more than once, thus reducing the number 
of lines to be drawn. Such a combination of force polygons is 
called a stress diagram. 

Fig 21 (/y) is a stress diagram for the truss of Fig. 21 (a) 




Scarlet 
lin.5s looolb5. 

Fig. 22. 
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same as the truss of Fig. 16. It will be seen that the part of the 
stress diagram consisting of solid lines is a combination of separate 
polygons previously drawn for the joints on the left half of the 
truss (Figs. 17, 18 and 19.) It will also be seen that the polygons 
are all clockwise, but counter-clockwise j)ol ygons could be com- 
bined into a stress diagram. 

To Construct a Stress Diagram for a Truss Under Given 
Loads. 

1. Determine the reactions*. 

2. Letter the truss diagram as explained in Art. 24. 

3. Construct a force polygon for all the forces applied to the 
truss (loads and reactions) representing them in the order in 
which they occur around the truss, clockwise or counter-clock- 
wise. (The part of this polygon representing the loads is called 
a load line.) 

4. On the sides of that polygon, construct the polygons for 
all the joints. They must be clockwise or counter-clockwise ac- 
cording as the polygon for the loads and reactions is clockwise or 
counter-clockwise. (The first polygon for a joint must be drawn 
for one at which but two members are connected — the joints at 
the supports are usually such. Then one can draw in succession 
the polygons for joints at which there are not more than two un- 
known forces until the stress diagram is completed.) 

Exainple. It is desired to construct a stress diagram for the 
truss represented in Fig. 22 («), it being supported at its ends 
and sustaining two loads of 1,800 and 600 pounds as shown. 

The right and left reactions are 900 and 1,500 pounds as is 
shown in Example 1, Art. 37. Following the foregoing directions 
we first letter the truss, as shown. Then, where convenient, draw 
the polygon for all the loads and reactions, beginning with any 
force, but representing them in order as previously directed. 
Thus, beginning with the 1,800-pound load and following the 
clockwise order for example, lay off a line 1.8 inch in length rep- 
resenting 1,800 |K)unds (scale 1,000 pounds to an inch); since the 
line of action of the force is hr^ the line is to be marked BO and 
B should be placed at the upper end of the line for a reason which 



* As already Htatod, methods for determining reactions are explained in 
Art. 37; for the present the values of the reactions in any example will be given. 
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will pivsk^iitly ajj|iear. Tlie next force to be represented is the 
riglit ivaction, '.HM) pounds : hence from (/draw a line upward and 
O.OU inch lonir. Tlie Hue of action of this force beinof ce^ the line 
ju<t dnftWQ should Ite marked CE and since C is already at the 
lower end, we mark the upper end E. (The reason for placing B 
at the upper end of tlie first line is now apparent.) The next 
forvv to be representee! is the r>00-pound load ; therefore we draw 
frxMu K a line downward and 0.6 inch long, and since the line ot 
action of that fore.* is tT\ mark the lower end of the line F. The 
next force to Iv represented is the left reaction, 1,500 pounds, hence 
we draw a line 1.5 inches long and upward from F. If the lines 
have Uvn carefully laid off, the end of the last line should fall at 
In tliat is, the pi>lygon should close. 

We are now ready to draw polygons for the joints; we may 
Ix^gin at the right or left end as we please but we should bear in 
minvl that the |K>lygon3 must be clockwise because the polygon for 
the Kvids and reactions ^BCEFB) is such an one. Beginning at 
the right end for example, notice that there are three forces there, 
the right n»action, tie and ilc. The right reaction is represented 
by C^E, hence from E draw a line parallel to de and from O one 
jvinillol to iJ^ and mark their intersection D. Then CEDO is the 
I'livkwise jx>lygi>n for the right-hand joint, and since CE acts up, 
the arrvnvs on EO and DC would point to the left and down 
n^sjxvtivelv. It is bt^ter to place the arrows near the joint to 
whioh thov ri^for than in the stress diagnim; this is left to the student. 
The forv*e exerted by member c/ on joint (2) being a pull, ed is 
under tonsiiUK and since EH measures 1.12 inches, the value of 
that tension is 1,120 p.>unds. The fon^'e exerted by member dc on 
joint ^2^ iHMug a push, do is under compression, and since DC 
measures I. M inches, the value of that compression is 1,440 pounds. 

The member </.* being in compression, exerts a push on the 
joint \^^) ami the member de being in tension, exerts a pull on the 
joint 1^4). Kext indicate this push and pull by arrows. 

AVe might now draw the polygon for any one of the remain- 
ing joints, for there are at each but two imknown forces. "We 
choose to draw the polygon for the joint (8). There are four 
forces acting there, namely, the l,«^OO.pound load, the push (1,440 
pounds) exerted by edy and the forces exerted by members ad and 
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abf uukiiowii in iiinouiit and sonse. Now the liist two of tlu'si' 
forces are already reprosonte*! in the 8tivss diagnini by DC and 
CD, therefore we draw from I) a line paralli'l to //// and from J> 
a line parallel to ffff and mark tlieir intersection A. Tlu»n BC.'UAU 
is the polygon for the joint, and since the arrowhead on I>U and 
CD would })oint "down and up res[)eclively, DA acts down and 
AB up; hence place arrowheads in those dircL'tions on dti and 
ab near the joint being consi<lcred. These arrows Ri<^nify that 
member ^A« pulls on the joint and ht/ pnshes; hcnct* t/'f is in tension 
and bff in compression. Since DA and A l> measure 0.0 and 1 SS 
inches res|)ectively, the values 
of the tension and compression 
fire 600 and 1,SS0 |)ound8. 

Next place arrowlu»ads on 
trlf and ad at joints (1) and (4) 
to represent a push and a 
pull respectively. There re- 
mains now but one stress un- 
determined, that in fff. It can 

be ascertained by drawing the l)olygon for joint 1 or 1 ; h^t ns draw 
the latter. There are four forces acting at that joint, namely, tin* 
000-pound load, and the forces extorted by nnMubers"/, fA/, and '//'. 
The first three forces are already represented in the drawing by KK, 
DE and DA, and the polygon for those three forc(»s (not dosed) 
is ADEF. The fourth force must clo-o tlie pv)Iygon, that is, a line 
from F parallel to /(/'must piss througli A, and if the drawing 
has Ixvn accurately dont*, it will pass through A. Tlio jM»lyi!*Mi 
for the four forces then is ADEFA, and an arrowhead |)[aet»d on 
FA ought to point to the left, but as lu^fore, jilace it in the tnisi- 
diagram on <(/' near joint (4). The force exertecl by member //r'on 
joint (4) being a pull, '{/'is under tension, and since AK measnres 
1.12 inches, the value of the tension is 1J:J() jionnds. 

Since fff is in tension it ])ulls on joint i 1 ), hence wi* place an 
arrowhead on ///^'near joint 1 1 ) to indicate that pull. 

EXAMPLES FOR PRACTICE. 

1. Construct a stress diagram for the trnss of tlif piecedina 
Example (Fig. ti*2'/) making all the p!)lvsxt>ns eonnter-'*loekwise. 
and compare with the stress diuijram in Fi*;. 2'2. 
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Determine the stresses in the members of the truss repre- 
sented in Fig. 23 due to a single load of 2,000 pounds at the [)eak. 

( Stresses in 12 and 23 = 1,510 |)ound8, 
Ans. -J Stresses in 14 and 43 = 1,930 j)0und8, 
( Stress in 24 = 490 pounds. 
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27. Stress Records. AVhen 
making a record of the values 
of the stresses as determined 
in I n analysis of a truss, it is 
convenient to distinguish be- 
tween tc^nsion and compres- 
sion by meiins of the signs 
])lus and minus. Custom 
differs as to use of the signs 
for this purpose, but we shall 
use jflfis for tension aiul 
vi hi Hsfor compressum. Thus 
+ 4,500 means a tensile stress 
of 4,500 pounds, and - 7,500 
means a compressive stn^sa of 7,500 pounds. 

The record of the stresses as ()l>tained in an analysis can be 
conveniently made in the form of a table, as in Example 1 follow- 
ing, or in the truss diagram itself, as in Example 2 (Fig. 25). 

As previously explained, tht» stress in a member is tensile or 
compressive according as the member pulls or pushes on the joints 
between which it extends. If the arrowheads are placed on tbe 
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lines representing the nienibe'rs as was exjjlained in l*lxaniplo 1 of 
Art. 26 (Fig. 22), the two arrowheads on any member 

point toward eacli other on tension members, 
and from each otiier on eomj)res8ion members. 

If the system of lettering explained in Art. 24 is followed in 
the analysis of a truss, and if the first polygon (for the loads and 
reactions) is drawn according to directions (Art. 26), then the 
system of lettering will guide one in drawing the polygons for the 
joints as shown in the following illustrations. It must be remem- 
bered always that any two parallel lines, one in the truss and one 
in the stress diagram, must be designated by the same two letters, 
the first by small letters on opjxjsite sides of it, and the second by 
the same capitals at its ends. 

ExdiupleH, 1. It is re(piired to construct a stress diagram 
for the truss represented in Fig. 24 supported at its ends and 
sustaining three loads of 2,000 pounds as shown. Evidently 
the reactions equal 3,000 pounds. 

Following the directions of Art. 20, we letter the truss 
diagram, then draw the polygon for the loads and reactions. 
Thus, to the scale indicated in Fig. 24 (i), AB, BC, and CD repre- 
sent the loads at joints (2), (3) and (5) respectively and DE 
and EA represent the right and the left reactions respectively. 
Notice that the polygon (ABCDEA) is a clockwise one. 

At joint (l)there are three forces, the left reaction and the forces 
exerted by the members <(/andy^. Since the forces exerted by 
these two members must be marked AF and EF we draw from A 
a line parallel to rj/and from E one parallel to ef and mark their 
intersection F. Tlien EAFEis the polygon for joint (1), and since 
EA acts up (see the polygon), AF acts down and FE to the right. 
We, therefore, ])lace the ])roper arrowheads on afviwA fe near (1) 
and record (see adjoining table) that the stresses in those members 
are compressive and tensile respectively. Measuring, we find that 
AF and FE equal 6,150 and 5,100 pounds res])ectively. 



Member, 
Stress. . 



af 
-O.lf)0 



fo 
-I5J00 



Vg ^9, I J?l» 



4J0() 



- 1 ,875 I -f 2,720 
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We may next draw the polygon for joint (6) or (2) since there 
are but two unknown forces at each. At joint (2) for instance, 
the unknown forces are those exerted by f(j and hg^ and the 
known are the load ah (2,000 pounds) and the force exerted 
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by (if. Since the unknown forces 
must be marked F6 and GB, draw 
from F a line parallel to/y, from 
JJ a line parallel to hg^ and mark 
their intersection G. Then the poly- 
gon for the joint is FABGF, and 
since AB acts down (see the polygon) ^^ 
BG and GF act down and up respec- 
tively. Therefore, place the proper 
arrowheads on hg and gf near (2), and 
record that the stresses in those mem- 
bers are both compressive. Measur- 
ing, we find that BG and GF scale 
4,100 and 1,875 pounds respectively. 
Now draw a polygon for joint 
(3) or (0) since there are but two un- 
known forces at each joint. At (8) 

for instance, the unknown forces are those exerted by ch and gli^ 
the know^n forces being the load (2,000 pounds) and the force 4,100 
pounds, exerted by hg. Since the unknown forces must be 
marked CH and GU, draw from C a line parallel to cA, from 
G one parallel to gk^ and mark their intersection H. Then 
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GBCHG is tho polygon for tlio joint, and since 13 C acts down 
(see the polygon) ClI acts up and IIG down. Therefore, place 
the proper arrowheads on ch and hg near (3), and record that the 
stresses in those meml>ers are compressive and tensile resjKJctively. 
Measuring, we find that CII and IIG scale 4,100 and 2,720 
pounds respectively. 

It is plain that the stress in any member on the right- 
hand side is the same as that in the corresponding member on 
the left, hence it is not necessary to construct the complete 
stress diagram. 

2. It is required to analyze the truss of Fig. 25 which 



SoooUss. 




rests on end supports and sustains three loads each of 2,000 
pounds as shown. Each member is 10 feet long. 

Evidently, reactions are each 3,000 pounds. Following 
directions of Art. 26, first letter the truss diagram and then 
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draw a polygon for tho loads and reactions representing them 
in either order in which they occur about the truss. DCBAED 
is a counter-clockwise polycron, DC, CB, and BA representing the 
loads at joints (1), (2^ and (3), AE the left reaction, ED the right 
reaction. 
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The construction of the polygons is carried out as in the 
preceding illustration, and little explanation is necessary. The 
polygon for joint (4) is AEFA, EF (1,725 pounds tension) 
representing the stress in ^and FA (3,450 pounds compression) 
that in af. The polygon for joint (3) is BAFGB, FG (1,150 
pounds tension) representing the stress in fg and GB (2,000 
pounds compression) that in gh. The polygon for joint (5) 
is GFEHG, EH (2,875 pounds tension) representing the stress 
in ch and IIG (1,150 pounds compression) that in hg. 

Evidently the stress in any member on the right side of 
the truss is like that in the corresponding member on the left, 
therefore it is not necessary to construct the remainder of the 
stress diagram. 

EXAilPLES FOR PRACTICE. 

1. Analyze the truss represented in Fig. 20, it being sup- 
ported at its ends and sustaining three loads of 2,000 and two 
of 1,000 pounds as represented. 

STRESS RECORD. 









1 , 




^_^^ 


^ 


^_^ 


^reinbcr 


VI 


28 


14 


45 


24 


25 


35 


HtreHH 


-8,950 


-5,600 


+8,000 


+8,000 


+1,000 


-3,350 


+3,000 



2. Analyze the truss represented in Fig. 27, it being sup- 
])()rtc'd at its ends and sustaining five 2,000-pound loads and two 
of 1,000 as shown. 

STRESS RECORD. 



Stress . . 




51 
+10,000 




56 
+6,000 



28. Analysis for 5now Loads. In some cases the apex 
snow loads are a definite fractional part of the apex loads due 
to the weights of roof and truss. For instance, in Examples 1 
and 2, Pages 25 and 20, it is shown that the apex loads are 
1,500 and 3,000 juMinds due to weight of roof and truss, and 
735 and 1,470 due to snow; hence the snow loads are practi- 
cally equal to one-half of the permanent dead loads. It follows 
that tlio stress in any member due to snow load equals 
practical ly one-half of th^i stress in that member due to the 
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permanent dead load. The show load stresses in this case can 
therefore bo obtained from the permanent load stresses and no 
stress diagram for snow load need be drawn. 

In some cases, however, the apex loads due to snow at the 
various joints are not the same fractional part of the permanent 
load. This is the case if the roof is not all of the same slope, 
as for instance in Fig. 25 where a part of the roof is flat. 
In such a case the stresses due to the snow load cannot be 
determined from a stress diagram for the permanent dead load 
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V\\r, 28. 

but a separate stress diagram for the snow load must be drawn. 
Such diagrams are drawn like those for permanent dead load. 
29. Analysis for Wind Loads. Stresses due to wind press- 
ure cannot be computed from permanent load stresses; they can 
be most easily determined by means of a stress diagram. Since 
wind pressure exists only on one side of a truss at a time, the 
stresses in corres|K)nding members on the right and left sides of a 
truss are unequal and the whole stress diagram must be drawn in 
analysis for " wind stresses." Moreover, where one end of the 
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truss rests on rollers, two stress diagrams must be drawn for a 
complete analysis, one for wind blowing on the right and one for 
wind blowing on the left (see Example 2 following). 

Examples. 1. It is required to analyze the truss of Fig. 
16 for wind pressure, the distance between trusses being 14 feet. 

The apex loads for this case are computed in Example 3, 
Page 20, to be as represented in Fig. 28. Supposing both ends 
of the truss to be fastened to the supports, then the reactions (due 
to the wind alone) are parallel to the wind pressure and the right 
and left reactions equal 3,600 and 7,200 pounds as explained in 
Example 2, Page 57. 

To draw a clockwise polygon for the loads and reactions, we 
lay off BC, CF, and FF' to represent the loads at joints (1), (2), 
and (4) respectiv^ely; then since there are no loads at joints (5) 
and (7) we mark the point F' by C' and B' also; then lay off 
B'A to represent the reaction at the right end. If the lengths 
are laid off carefully, AB will represent the reaction at the left 
end and the polygon is BCFFC'B'AB. 

At joint (1) there are four forces, the reaction, the load, and 
the two stresses. AB and BC represent the first two forces, hence 
from (' draw a line parallel to cd and from A a line parallel to ad 
and mark their intersection 1). Then ABCDA is the .polygon for 
the joint and CD and DA represent the two stresses. The former 
is 7,750 pounds compression and the latter 9,000 pounds tension. 

At joint (2) there are four forces, the stress in cd (7,750 
pounds compression), the load, and the stresses in fe and ed. As 
DC and CF represent the stress 7,750 and the load, from F draw 
a lint^ parallel io fe and from D a line parallel to de^ and mark 
their intersection E. Then DCFED is the polygon for the joint and 
FE and ED represent the stresses \nfe and ed respectively. The 
former is 7,750 pounds and the latter 5,400, both compressive. 

At joint (3) tliere are four forces, the stresses in ad (9,000 
pounds), de (5,400 ])ounds), eg and ga, AD and DE represent 
the first two stresses; hence from E draw a line parallel to eg and 
from A a line parallel to (fg and mark their intersection G. Then 
ADEGA is the polyjTon for the joint and EG and G A represent 
th(i stresses in <g and ga rt\sj)eetively The former is 5,400 and 
the latter 3,000 pounds, both tensile. 
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At joint (4) there are five forces, the stresses in eg (5,400 
pounds) and ef (7,750 pounds), the load, and the stresses in/^^' and 
eg. GE, EF and FF represent the first three forces; hence draw 
from F' a line parallel tof^e' and from G a line parallel to e'g and 
mark their intersection E'. (The first line passes through G, hence 
E' falls at G). Then the polygon for the joint is GEFFE'G, and 
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Stress Di6wgr&.T7i 
for wind right 



Stress Dia^gra^rn 
for wind left. 




CDP 



Fi^r. 29. 

F'E' (0,250 pounds compression) represents the stress in y^<?'. 
Since E'G = 0, the wind produces no stress in member g^'. 

At joint (5) three members are connected together and there 
is no load. Tlie sides of the polygon for the joint must be parallel 
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to the members joined there. Since two of those members are in 
the same straight line, two sides of the polygon will be parallel 
and it follows as a consequence that the third side must be zero. 
Hence the stress in the member e'cC equals zero and the stresses 
in/V and d*c' are equal. This result may be explained slightly 
differently: Of the stresses in e'f^ e'cCy and cC(f we know the first 
(6,250) and it is represented by ET'. Hence we draw from F' a 
line parallel to ed' and one from E' parallel to d'e and mark their 
intersection I)'. Then the polygon for the joint is E'FC'D'E,' 
CD' (6,250 pounds compression) representing the stress in c'd\ 
Since E' and D' refer to the same point, E'D' scales zero and there 
is no stress in €'d\ 

The stress in ad- can be determined in varioua ways. Since 
at joint (G) there are but two forces (the stresses in gc' and 
e'd' being zero), the two forces must be equal and opposite to 
balance. Hence the stress in d'a is a tension and its value is 
3,000 pounds. 

2. It is required to analyze the truss represented in Fig. 
24 for wind pressure, the distance between trusses being 15 feet. 

The len^rth IF equals r'20^ + 14^ or 

T/'400 f VMS = 24.4 feet. 

Hence the area sustaining the wind pressure to be l)orne by one 
truss equals 24.4 X 15 = 3()6 square feet. 

The tangent of the angle which the roof makes with the 
horizontal equals 14 -^ 20 — 0.7; hence the angle is practically 
35 degrees. According to Art. 10, the wind pressures for slopes 
of 30 and 40 degrees are 32 and 36 pounds per square foot; 
hence for 35 degrees it is 34 pounds per square foot. The total 
wind pressure equals, therefore, 300 X 34 = 12,444, or practically 
12,400 pounds. 

The apex load for 

joint (2) is ^i of 12,4(K), or 0,200 pounds, 
and for joints (1) and (3), Si of 12,4(K), or 3,100 pounds (see Pig. 29). 

When the wind blows from the richt the 

load for joint (5) is 0,200 pounds, and 
for joints (3) and (0) 3,100 pounds. 
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If the left end of the truss is fastened to its support and 
the right rests on rollers*, when the wind blows on the left side 
the right and left reactions equal 3,780 and 9,550 pounds respec- 
tively and act as shown. When the wind blows on the right 
side, the right and left reactions equal 6,380 and 8,050 pounds 
and act as shown. The computation of these reactions is shown in 
Example 1, Page 58. 

For the wind on the left side, OA, AB, and BC (Fig. 29* ) 
represent the apex loads at joints (1), (2) and (3) respectively and 
CE and EO represent the right and left reactions; then the poly- 
gon (clockwise) for the loads and reactions is OABCDPEO. The 
point C is also marked D and P because there are no loads at 
joints (5) and (6). 

The polygon for joint (1) is EOAFE, AF and FE represent- 
ing the stresses in afvLii^fe respectively. The values are recorded 
in the adjoining table. Th3 polygon for joint (2) is FABGF, 
BG and OF representing the stresses in Ig andyj/. The polygon 
for joint (3) is GBCHG, CIl and HG representing the stresses in 
cli and h(j respectively. At joint (5) there is no load and two of 
the members connected there are in the same line; hence there is 
no wind stress in the third member and the stresses in the other 
two members are equal. The point II is therefore also marked I 
to make HI equal to zero. The polygon for joint (5) is HCDIH. 

STRESS RECORD. 



Member. 


Stress:, Wind Left. 


Stress, Wind Ri^ht. 


<^f 


- 8,8r)0 


-6,300 


fe 


4-12,700 


-2,a)o 


hg 


- 5,600 


-6,300 


fy 


- 7,000 





hg 


+ 5,100 


+3,400 


hi 





-7,000 


eh 


- 7,700 


- 3,100 


it' 


+ 6,400 


+4,400 


di 


- 7,700 


-7,500 



At joint (4) there are four forces, all known except the one 
in ie. EF, FG, and GTI represent the first three; hence the line 



* Rollers to allow for free expansion and contraction of the truss would 
not .bo required for one as phort as this. They are not used generally unless 
the truss is 55 feet or more in length. 
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It remains to compound AD and the remaining one of the 
given forces, hence we lay off I)E to represent the magnitude and 
direction of the fourth force; then AE represents the magnitude 
and direction of the resultant of AD and the fourth force (also of 
the four given forces). The line of action of the resultant is 
parallel to AE and passes through the point of concnrrence of the 
forces AD and DE. That line should be marked ae and the line 
of action of the fourtli face de. 

It is now plain that the magnitude and direction of the re- 
sultant is found exactly as in the case of concurrent forces, but 
finding the line of action requires an extra construction. 

31. When the Forces Are Parallel or Nearly 5o» the method 
of composition explaintnl must be modified slightly because there 
is no interse<'.tion from which to draw the line of action of the re- 
sultan t of the first two forces. . 

To make such an intersection available, resolve any one of 
the given forces into two components and imagine that force re- 
placed by them; then find the resultant of those components and 
the otlier given forces by the methods explained in the preceding 
article. Evidently this resultant is the resultant of the given forces. 

Kxctinjth', It is requifiHl to find the resultant of the four paral- 
lel forces (50, 30, 40, and 00 pounds) represented in Fig. 31 («). 

Choosing the 30-{K)und force as the one to resolve, lay off AB 
to re])resent the magnitude and direct on of that force and mark 
its line of action ah. Next draw lines from A and B intersectintr 
at any convenient point (); then as explained in Art. 13, AO an<l 
01> (direction from A to O and O to B) represent the magnitudes 
and directions of two components of the 30-pound force, and the 
lines of action of those components are parallel to AO and OB and 
must intersect on the line of action of that force, as at 1. Draw 
next two sucli lines and mark them ao and oh respectively. Now 
imagine the 30-pound force replaced by its two components and 
then compound them with the 50-, 40- and 60-pound forces. 

In the composition, the second component should be taken as 
the first force and the first component as the last. Choosing the 
50-pound force as the second, lay off BC to represent the magni- 
tude and direction of that force and mark the line of action Ic, 
Then OC (direction O to C') represents the magnitude and direc- 
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AU8. 



Stress Record for Wind I^eft. 



Menibor. 



Stress. 



12 


- 8,600 


14 


+ S,000 


45 


-f-S.OOO 


24 





23 


- 5,(K)() 


25 


- 6.080 


35 


+ 2.800 


36 


- 6.080 


56 





57 


+ 4,2(M) 


68 


- (), 2(M) 


67 





78 


+ 1,200 



V. COMPOSITION OF NON-CONCURRENT FORCES. 

30. Qraphical Composition. As in composition of concurrent 
systems, we first compound any two of the forces by means of the 
Triangle Law (Art. 9), then compound the resultant of these two 
forces with the third, then compound the resultant of the first 
three with the fourth and so on until the resultant of all has been 
found. It will be seen in the illustration that the actual construc- 
tions are not quite so simple as for concurrent forces. 

Example. It is required to determine the resultant of the 
four forces (100, 80, 120, and GO pounds) represented in Fig. 30 («). 

If we take the 100- and SO-pound forces first, and from any 
convenient point A lay off AB and BO to represent the magni- 
tudes and directions of those forces, then according to the triangle 
law AC represents the magnitude and direction of their resultant 
and its line of action is parallel to AG and passes through the 
point of concurrence of the two forces. This line of action should 
be marked ac and those of the 100. and 80-pound forces, ah and 
be resj)ectively. 

If we take the 120-pound force as third, lay off CD to repre- 
sent the magnitude and direction of that force; then AD represents 
the magnitude and direction of the resultant of AC and the third 
force, while the line of action of that resultant is parallel to AD 
and passes through the point of concurrence of the forces AC and 
CD. That line of action should be marked ad and that of the 
third force cd. 
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Tlu; iiiotluxl uf coiititruction may now he dcscribiHl us fulluws: 

1. Draw a foivo j)olygoii for the given forces. The liius 
(Iniwu from tht) Ijeginniiig to the end of the })olygon ropreaenti 
the matrnitiide and direction of the resultant. 

2. Select a pole, draw the rays and then the string jfoljgm. 
The line through tlie intersection of the lirst and last etringi 
panilh'I to the direction of the resultant is the line of action of tbB 
resultant. ( In constructing the string polygon, observe carefallj 
that the two strings intersecting on the line of action of any one 
of tlie given forci'S are parallel to the two rays which are drawn to 
the ends of the line rejirestMiting that force in the force polygon.) 

EXAMPLES FOR PRACTICE. 

1. Determine tl»e resultant of the 50-, 70-, 80- and ISO- 
jK)nnd forces of Fig. 5. 

4 s 2ViO ]K>unds acting upwards l.S and 0.1 feet 
( to the right of A and D n*8jiectively. 



- _ _ _i _ 



5o 



lb9. 



4-0 lb3 



3o 



f-a' ---^ 






b&. 



2olbs. 



V'liT. :\± 



15 lbs. 




:i. l)eleniiine th<' resultant of the 40-, 10-, 30* and 20- 
pound forces of V'nr, ;J:2. 

. ^ SO pounds acting down 1§ feet from leffc 
( end. 

'V,\, Algebraic Composition. The algebraic method of oom« 
])osition is lu'st ada])ted to ]>arallel forces and is henun explained 
only for tliat case. 

If tlu's jilus sio;n is given to tlie forces acting in one direction, 
and tlie minus Hio;n to those acting in the opposite direction, the 
niao;nilU'le and sense of the resultant is given by the algebraic BUm 
of the forces; the nuvgnitude of the resultant equals the value of the 
algebraic sum; thedirection of the resultant is given by the sign of 
the sum, thus the resultant acts in thedirection which has been called 
plus or minus according as the sign of the sum is plus or minus. 
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If, for example, we call up plus and down minus, the alge- 
braic sura of the forces reprt^sented in Fig. 82 is 

_40+ 10-30-20 + 50-15 =-45; 

hence the resultant equals 45 pounds and acts downward. 

The line of action of the resultant is found by means of the 
principle of moments which is (as explained in "Strength of 
Materials ") that the m^rment of the veBxiltant of any number of 
pnx'es about any 07*igin equals the ahjehraw sum of the moments 
of the forces. It follows from the principle that the arm of the 
resultant with respect to any origin equals the quotient of the 
algebraie sum of the moments of the forces divided by the result- 
ant; also the line of action of the resultant is on such a side of the 
origin that the sign of the moment of the resultant is the same 
as that of the algebraic sum of the moments of the given forces. 

For example, choosing O as origin of moments in Fig. 32, 
the moments of the forces taking them in their order from left to 
right are 

- 40x5 = - 200, + 10X4 = + 40, - 30 X 3 == - 90, 
-20x1 = -20,-50x2--- 100, + 15x3— +45.* 

Hence the algebraic sum equals 

-200 + 40-90 - 20 - 100 |- 45 r^ - 325 foot-pounds. 

The sign of the sum being negative, the moment of the resultant 
about () must also be negative, and since the resultant acts down, 
its line of action must be on the left side of (). Its actual 
distance from O e(juals 

-,~ = 7.22 feet. 
4o 

EXAMPLES FOR PRACTICE. 

1. Make a sketch representing five ])arallel forces, 200, 150 
100, 225, and 75 pounds, all acting in the same direction and 2 
feet a[yart. Determine their resultant. 



* The student is reminded that when a force tends to turn the body on 
which it acts in the clockwise direction, al)out the neloctt^d orif^in, its moment 
is a given a plus sign, and when counter-clockwise, a minus sifj^n. 
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( Kesultant = 750 j>oun<l8, and acts in the same 

Ana. • direction as the given forces and 4.47 feet to the 

( left of the 75-j)Ound force. 

2. Solve the preceding example, supposing that the first 

three forces act in one direction and the last two in the opposite 

direction. * 

{ Itesultant = 150 |>oiind8, and acts in the same 
Ans. ^ direction with the first three forces and 10.3 feet 
( to the left of the 75-j)onnd force. 
Two jnirallelforreH acting in the same direction can be com- 
pounded by the methods explained in the foregoing, but it is 
sometimes convenient to rememl)er that the resultant equals the 
sum of the forces, acts in the same direction as that of the two 
forces and between them so that the line of action of the resultant 
divides the distance between the forces inversely as their magni- 
tudes. For exam])le, let F| and F2 (Fig. 83) be two parallel 
forces. Then if II denotes the resultant and a and'& its distances 
to Fj and Vo as shown in the figure, 

K = F, + F„ 

and if lit 1:^2 \ F,. 

34- Couples. Two pirallel forces which are equal and act in 
opposite directions are called a couple. The forces of a couple 
eaimot be compounded, that is, no single force can produce the 
same effect as a couple. The j>erjK^ndicular distance between the 
lines of action of the two forces is c-alled the <irtti^ and the product 
of one of the forces and the "arm is calleil the iiioment of the 

A plus or minus sign is given to the moment ot a couple 
aceording as the couple turns or tends to turn the bcnly on which 
it aets in the clockwise or counter-clockwise direction. 

VI. EQUILIBRlUn OF NON-CONCURRENT FORCES. 

35. Conditions of Equilibrium of Non-Concurrent Forces 
Not Parallel may be stated in various ways; let us consider four. 
1^'irst : 

1. M'lio uigebraic sums uf the components of the forceH along each of 
two lines at right angloi; to each other equal zero. 
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2. Thi* nljn^braic sum of tho mom«nt« of the forces alx)ut any orijrin 
i>qunls z<»ro. 

Seooiui : 

1. The sum of the eomix)nent8of the forces alon^ any line cijuals zi»n\ 

2. The sums of the moments of the forces with resjiect to each of two 

origins equal zero. 

Third: 

The sums of the moments of the forces with resjMH't to ca<'li of three 
origins eijuals zero. 

Fourth: 

1. The algebraic sum of the moments of the fon*es with respect to 

some origin equals zero. 

2. The force ix>lygon for the forces closes. 

It can be shown that if any one of tlie forccroino; sets of conditions 
are fulfilled by a system, its resultant ecpuils zero. lIiMice each is 
called a Bet of conditions of equilibrium for a non.concurn*iit sys- 
tem of forces which are not parallel. 

The first three sets are '* algebraic" and the last is '* mixed," 
(1) of the fourth, being algebraic and (2j graphical. Tlien^ is a 
set of gra^ihical conditions also, but some one of tliose hen^ given 
us usually preferable to a set of wliolly graphical conditions. 

Like the conditions of equilibrium for concurn»nt forces, tli(*v 
are uswl to answer questions arising in connection with concurrent 
systems known to be in ecjuilibrium. Kxam|)l(»s may ]>e found in 
Art. i^. 

36. Conditions of Equilibrium for Parallel Non-Concurrent 
Forces. Usually the most convenitMit set of conditions to use is 
one of the followincr: 

First: 

1. The algebraic sum of the forc'(»s (mjuhIs zero, and 

2. The algebraic sum of the moments of tho. forceps alxiut somo origin 

equals zero. 

Second : 

The algebraic sums of the moments of th(^ forces witli resj>cct to eaeh 
of two origins equal zero. 

37. Determination of Reactions, 'i'he w(M'ght of a truss, its 
loaids and the supjKjrting forces or reactions are balanced and con- 
stitute a system in ecpillibrium. After the loads and W(Mght are 
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ascertained, the reactions can be determined by means of condi- 
tions of equilibrium stated in Arts. H6 and 30. 

The only cases wliich can be taken up here are the following 
common ones: (1) The truss is fastened to two supports and 
(2) The truss is fastened to one support and simply rests on 
rollers at the other. 

Case (i) Truss Fastened to Both Its Supports. If the loads 

are all vertical, the reactions also are vertical. If the loads are 
not vertical, we assume that the reactions are parallel to the result- 
ant of the loads. 

The algebraic is usually the simplest method for determining 
the reactions in this case, and two moment equations should be 
used. Just as when finding reactions on beams we first take mo- 
ments about the right support to find the left reaction and then 
about the left support to find the right reaction. As a check we 
add the reactions to see if their sum equals the resultant load as it 
should. 

Examples, 1. It is required to determine the reactions on 
the truss represented in Fig. 20, it being supported at its ends and 
sustaining two vertical loads of 1,800 and 000 pounds as shown. 

The two reactions are vertical; hence the system in 
e(juilibrium consists of parallel forces. Since the algebraic sum 
of the moments of all the forces about any point equals zero, to 
find the left reaction we take moments about the right end, and to 
find the ricrht reaction we take moments about the left end. Thus, 
if it, and J{^ denote the left- and right- reactions respectively, then 
taking moments about the right end, 

(R,X 24) - a800 X 15) - (000 X 15) -:. 0, 

or 24R,= 27,000 -f 0,000 ^- 8(),000; 



hence 



R 30.000 

ivi=: — ~- — =r 1,dOO j)()unds. 



Taking uionieut about the left end, 

- R,X 24 + 1,800 X + <iOO X 9 = 0, 
or 24K,= 10,200 \r 5,400 = 21,600; 

hence Ilj= 000 pounds. 
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As a check, add tlie reactions to see if the Bum equals that of 
the loads as should be the case. (It will be noticed that reactions 
on trusses and beams under vertical loads are determined in the 
same manner.) 

2. It is required to determine the reactions on the truss rep- 
resented in Fig. 28 due to the wind pressures shown (2,700, 5,400 
and 2,700 pounds), the truss being fastened to lH)th its supports. 

The resultant of the three loads is evidently a single force of 
10,8(X) pounds, acting as shown in Fig. 34. The reactions are 




parallel to this resultant; let 11^ and K2 denote the left and right 
reactions respectively. 

The line if^fC is drawn through the j)()int 7 and perpendicular 
to the direction of the wind pressure; hence with respect to the 
right support the arms of I4 and resultant wind j)ressure are </<• 
and IfCj and with respe^'t to the left support, the arms of lUand the 
resultant wind pressure are Of! and (f^^. These difft^rent arms can 
be measured from a sejile drawinti* of the truss or be computed as 
foUows: The angle ll^r o(pi;ils tln^ uuiAo 4 17, and 4 17 was shown 
to be 30 degrees in Examph^ 3, Page *J<). Hence 

ab = 14 cos 30 ', Ir = - L»S cos 30 , f/r =--. 42 cos 30'. 
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Since the algebraic sums of the moinents of all the forces acting 
on the truss about the right and left supports equal zero, 

Ri X 42 cos m- . - 10,8(K) X 28 cos 30\ 
and lU X 42 cos HO =- 10,S0() X 14 cos 30\ 

From the first equation, 

.^ 10.800 X 2^ ^ ^^^^ 

iii^ t;^^ ---: i,2()0 pounds, 

and from the second, 

,, 10,800X14 ^^^^ 

K^^ T^ = o,o00 pounds. 

Adding the two reactions we find that their sum equals the load as 
it should. 

Case (2) One end of the truss rests on rollers and the other 
15 fixed to its support. The reaction at the roller end is always 
vertical, but the direction of the other is not known at the outset 
unless the loads are all vertical, in which case both reactions are 
vertical. 

When the loads are not all vertical, the loads and the reactions 
constitute a non -concurrent non- parallel system and any one of 
the sets of conditions of equilibrium stated in Art. 35 may be 
used for determining the reactions. In g(*neral the fourth set is 
|)robably the simplest. In tlie first illustration we aj)ply the four 
different sets for comparison. 

Iv.rtnnplfH. 1. It is recjuired to compute the reactions im 
the truss represented in Fig. 21> due to the wind pressures shown 
on the left side (^5,100, 0,200 and 8,100 pounds ), tlie truss resting on 
rollers at the right end and being fastened to its su[q)ort at the left. 

(<i) Li*t lij and lin d(MU)te the left and right reactions. The 
direction of lU (at the roller end ) is vertical, but the direction of 
R, is unknown. Imagine Ivj resolvccl into and replaced by its 
horizontal and vertical com[)on(Mits and call thrm IJ/ and Kj" 
resj)ectively (see Fig. 35.) The six forces, U/, Iv/', K2 and the 
three wind pressures are in e(juilibrium, and we may apply any 
one of the sets of statiMuents of ecjuilibrium for this kind of a 
system (see Art. 35) to d(»termine th(» reactions. If we choose to 
use the first set we find. 
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resolving forces nloiig a horizontal line, 

-R/ -i- 3,l(K) cos 55' -I- fi,2()() coh 55' -j- .%l(K) coh 55" =r^0; 
resolving forces along a vertical line, 

+IV' -I- Kj- 3,1(K) coH 35"-- r),20() cos H5^- 3,100 eon 35' -- ; 
taking moiuents about the left end, 

+ 6,200 X 12.2 -!- 3,1(M) x 24. I - K^ / 40 =--- 0. 
From the first equation, 
Ri'= 3,100 cos 55 '+0,200 eos 55 -j 3,100 eos 55 =7,113 jKmnds, 



0200 lbs. 




Vi^. 35. 

and from the tliird, 

,, 0,200 X 12.2 + 3,100 X 24.4 .^ ^^^ 

Ji;, ... - '- .>,7SJ ])()nnns. 

Substituting this value of lU in the neeond ecjuation wo find that 

R, " =3,100 cos 35'^ -I G,200 cos 35^ -] 3,100 cos 35" - 3,7S2 

r - 10,150 - 3,7^2 --- 0,374 pounds. 

If desired, tin* reaction 1*1 can now l>e found h\M*<>m {bounding 
its two com|K»nents 11,' and It,'*. 
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(J) Using the second set of conditions of equilibrium stated 
in Art. 85 we obtain the following three "equilibrium equa- 
tions " : 
As in (1), resolving forces along the horizontal gives 

- K/ + 3,100 cos 55" + 0,200 cos 55^ + 3,100 cos 55" = 0, 

and taking moments about the left end, 

f),200 X 12.2 -j 3,100 X 24.4-113 X 40 = 0. 

Taking moments about the right end gives 

Kj" X 40-3,100 x'^-0,200xT(i-3,100x"c8 = O 

Just as in (rt),we find from the first and second equations the 
values of K/ and Ro. To find Ri" we need values of the arms 
aty, 46, and cO. By measurement from a drawing we find that 

T^ = 32.7, 7;<T^ 20.5, and76 = 8.3 feet. 

Substituting these values in the third equation and solving for 
Ri" we find that 

3,100 > 32.7-; ().2()0> 20.5-13,100x8.3 ^ .,_ 
Ki" - .. = 6,8yo pounds. 

(r) Using the third set of conditions of equilibrium stated 
in Art. 35 we obtain the following three equilibrium equations : 
As in ( />), taking moments about the right and left ends we get 

Ri" X 40 3,100 >' 32.7 0,200 X 20.5 - 3,100 X 8. 3 := 0, 

Hud - IL >: 40 ! (>.2O0 >: 12.2 f 3,100 X 24.4 = 0. 

Choosing the j)eak of the truss as the origin of moments for the 
tliird e(juation we find that 

R,' Xl4 -r Ri" A 20- 3,100 X 24.4-(V200x 12.2- 11, X 20 = 0. 

As in (J) we find from the first two ecjuations the values of R/'and 
Ro. These values substituted in the third equation change it to 

R/ X 14 + 6,373 X 20 - 3,100 X 24.4 6,200 x 12.2 - 3,782 X 

20 -^ 
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or 



Ri' = 



0,378 X 20 -j 3,100 X 24.4 + 6,200 X 12.2 + 3,782 x20 



14 



= 7,104.* 

{^d) When using the fourth set of conditions Me always 
determine the reaction at the roller end from the moment equa- 
tion. Then, knowing the value of this reaction, draw the force 
polygon for all the loads and reactions and thus determine the 
magnitude and direction of the other reaction. 

Taking moments about the left end, we find as in (a), (J), and 







FiK. .'MJ. 



Fig. 37. 



{c) that lU --. 3,7S2. Then draw AB, BC and CD (Fig. 36) to 
represent the wind loads, and DE to represent 11,. Since the force 
polygon for all the forces must close, EA represents the magni- 
tude and direction of the left reaction; it scales 9,550 pounds. 

2. It is required to determine the reactions on the truss of 
the preceding illustration when the wind blows from the right. 

The methods employed in the preceding illustration might be 
used here, but we explain another which is very simple. The 
truss and its loads are represented in Fig. 37. Evidently the 
resultant of the three wind loads equals 12,400 pounds and acts in 
the same line with the 6,200-pound load. If we imagine this 
resultant to replace the three loads we may regard the truss acted 
upon by three forces, the 12,400-{)ound force and the reactions, 
and these three forces ns in e<juilibrium. Now when three forces 



* The slight ditfcrencfs in tbo answers obtained from the different sets 
of equilibrium equations are duo to inaccuracies in the measured arms of 
some of the forces. 
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aro in CMjiiilibriiim tliey must Ih) concurrent or j)arallel, and since 
tho resultant load (12,400 j)Ound») and R, intersect at (), tlie line 
of action of I4 must also pass through O. Hence the left 
reaction acts through the left 8Up|K)rt and O as shown. "We are 
now ready to detenuine the values of Rj and Eg. Lay off AB to 
ri^present the resultant load, then from A and B draw lines 
parallel to I4 and li^, and mark their intersection C. Then BC 
and CX represent the magnitude and directions of R^ and R 
res|)ectively; they scale 6,oK0 and 8,050 pounds. 

F' 




y^^ ZHS:® 




p^ 



F' 



F" 



Fig. 38. 

EXAMPLE FOR PRACTICE. 

1. Determine the reactions on the truss represented in Fig. 26 
due to wind pressure, the distance 'between trusses being 15 feet, 
supposing that both ends of the truss are ftistened to the Bupports. 

. \ Reaction at windward end is 6,082^ pounds. 

I Reaction at leewird end is 15,037^^ j)0und8. 

VII. ANALYSIS OF TRUSSES (CONTINUED); METHOD OF 

SECTIONS. 

38. Forces in Tension and Compression flembers. As ex- 

])lained in "Strength of Materials" if a member is subjected to 
forces, any two adjacent j)arts of it exert forces upon each other 
which hold the ])arts tot^etlier. Figs. 88 (fi) and 38 (l) show how 
Hieso forcz^ act in a ttMision and in a compression member. F' is 
tli(^ force exerted on the left ])art by tbo riglit, and F" that exerted 
on the right part by the left. The two forces V and F" are equal, 
and in a tension member are pulls while in a compression member 
they are pushes. 

39. Method of Sections. To determine the stress in a mem- 
ber of a truss by the method exjJained in the foregoing (the 
''method of joints"), wo bc^gin at one end of the truss and draw 
polygons for joints from that end until we nnicli one of the joints 
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to whicli that member is connected. If the inenil>er is near the 
middle of a long truss, such a method 'of determining the stress 
in it requires the construction of several polygons. It is some- 
times desirable to determine the stress in a member as directly as 
possible without having first determined stresses in other memlxTs. 
A method for doing this will now be explained ; it is called the 
method of 6ec*tions. 

Fig. 39 (ff) is a partial coj)y of Fig. 10. The line LL is in- 
tended to indicate a " section " of the truss "cutting" members 
24, 8-i and 36. Fig. 39 (/>) and (r) represcuits the parts of the truss 
to the left and right of the section. By " part of a truss " wo 
mean either of the two portions into which a section separates it 
when if cuts it completely. 



3ooo 




Since each part of tlif truss is at n\st, all the forct^s acting on 
each part are balanced, or in e(|uilil)riinn. The forc(\s acting on 
each part consist of the loads and reactions applied to that part to- 
gether with the forces exerted upon it by the other part. Thus the 
forces which hold the j)art in Fig. 39 (/») at rest are the 1,500- 
and 3,0()0.pound loads, the reaction 0,000 and the forces which 
the right jwirt of the cut mcinbers ext»rt upon the left ])arts. These 
latter forces are marked V\\ FV and i'V; their senses are unknown. 
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but each acts aloii^ the axis of the corres]X)nding member. The 
forces which hold the part in Fig. 39 (c) at rest are the two 3,000- 
pound loads, the 1,500-pound load, tlie right* reaction 6,0(X) 
poimds and the forces which the left parts of the cut memlxrs 
exert upon the right parts. These are marked F^'', F/ and F,''; 
their senses are also unknown but each acts along the axis of the 
corresponding niemlRT. The forces F/ and Fj'', F/ and F/, and 
F3' and Fg" are ecjual and opj)osite; they are designated differently 
only for convenience. 

If, in the system of forces acting on either part of the truss, 
there are not more than three unknown forces, then those three can 
l)e computed by "applying" one of the sets of the conditions of 
equilibrium stilted in Art. 35.* In writing the equations of 
ecjuilibrium for the system it is practially necessary to assume a 
sense for one or more of the unknown forces. Wc shall always 

assume thai such forces are 
puUs that is, act away 
from the part of the truss 
upon which they are exerted. 
Then if the computed value 
of a force is plus, the force 
is really a pidl afid the 
member is in terusion and if 
ihc lvalue is minus, then the 
force is really a push and the 
virmbcr is in compression. 
To determine the stress in any particular meinl}er of a truss 
in accordaiue witli the foregoing, **pass a section" through tlie 
truss cutting tlic member under consideration, and then apply as 
many conditions of eciuilibrium to all the forces acting on either 
part of the tniss as may be necessiiry to determine the desired force. 
In passing the section, care sliould be taken to cut as few members 
as possible, and never should a section be passed so as to cut more 
than three, tlie stresses in which are unknown; neither should the 
three be such that they intersect in a point. 




Ki^. 10. 



*If. however, tho linos of actltm of the three forces inlersj'ct in a point then 
the sl.ilenienl is not true. 
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Examplen. 1. It is riMiuired to drtenniiie the amount and 
kiiul of stress in tlie nienilwr 24 of the truss ri»j)rt\siMit«l in Fig. 
39 (a) when loaded as shown. 

Having determined the reactions (G,(XX) pounds each) we pass 
a section through the entire truss and cutting 24; LL is such a 
section. Considering the part of the tniss to the left of the 
section, the forces acting upon that part are the two loads, the left 
reaction and the forces on the cut ends of members 24, 34 and 36 
(F/, F/, and F3'). F/ can be determined most simply by writing 
a moment equation using (3) as the origin , for with respect to 
tliat origin the moments of F/ and F3' are zero, and hence those 
forees will not appear in the equation. Measuring from a large 
scale drawing, we find that the arm of F/ is 7 feet and that of 
the 3,000-pound load is 3.5 feet. Hence 

(F/ X 7) + (6,000 X 14)-(1,500 X 14)-- (3,000 X 3.5)= 

^ , - (6,000 X 14) + (1,500 X 14) -f (3,000 X 3.5) _ 

or F/ = ^ = - 7, 

The minus sign means that F/ is a push and not a pull, hence the 
niemter 24 is under 7,500 pounds compression. 

'ITie stress in the member 24 may l)e computed from the 
part of the tfUss to the right of the section. Fig. 39 (c) repre- 
sents that part and all the forces applied to it. To determine 
Fj'' we take moments about the intersection of F/ and F/. 
Measuring from a drawing we find that the arm of F/' is 7 feet, 

that of the load at joint (4) is 7 feet, 
that of the load at joint (5) is 1 7 . 5 feet, 
that of the load at joint (7) is 2S feet, 
and that of the reaction is 2S feet. 

Hence, assuming Fj'' to be a pull, 

— (F/ X 7) + (3,000 X 7) + (3,000 X 17.5) + (1,500 X 2K)— (6,000 

X 2S) = 0, 



500 



^„ (3,000 X 7) + (3,000 X 1 7 . 5) + ( 1 ,500 X 2S) - mm X 2S) 
or l^j = ^- 

= — 7,5(K) 

The minus sign means that F,'' is a push, hence the inenil)er 
24 is under compression of 7,5(M) jmhuuIs, a result agn^Miig with 
that previously found. 
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2. It is required to tind the stress iu the member gh of the 
truss represented in Fig. 25, due to the loads shown. 

If we j)ass a section cutting hg^ <jh and h*'^ and consider the 
left part, we get Fig. 40, the forces on that j)art being the 2,000- 
j)Ound load, the left reaction, and the forces Fj, 1% and F3 exerted 
by tlie riglit ])art on the left. To compute F2 it is simplest to 

use the condition that the algebraic sum 
of all the vertical components equals zero. 
Thus, assuming that F2 is a pull, and 
since its angle with the vertical is 80 , 

F, cos 30° -2,000 + 3,000 = 0; or, 
2,000-3 ,000 - 1,000 _ 

2 ^,,0 \ii\o — i\ oaa — — l,ii)4. 




COS 'M^ 



0.866 



3ooolb9. 



Fij(. 41. 



(^ The minus sign means that F2 is a push, 
heiie^ the member is under a compression 
of 1,154 j)ounds. 
H. It is required to determine the stress in the member hg 
of the truss rej)re8ented in Fig. 25, due to the loads shown. 

If wo pass a section cutting hj as in the preceding illustra- 
tion, and consider the left part, we get Fig. 40. To comjnite 
Fj it id siuiplest to write tlie moment ecjiia- 
tion for all the forces using joint 5 as 
origin. From a large scale drawing, wo 
measure the arm of \\ to bo 1^1. SfJ fret 
hence, assuming F^ to be a pull, 

FiX 13.86-2,000x8 l :yH)() v Hir-O;/^ 
2,000 X S- 3,000 X ir> ~82,()()0 



or 



^x- 




13.86 



4ooolbs- ^ 

Fig. 42. 



^ 13.S(i 
^ - 2,300. 

The minus sign means that F^ is a jiusli; hence the member is 
under a compression of 2,308 pounds. 

The section might have been j)assed so as to cut members iy, 
f(j^ andyl, giving Fig. 41 as the left })art, and the desired force 
might be obtained from the system of forces acting on that part 
(3,000, 2,000, Fi, Fo, and F^.) To compute F^ we take momente 
about the intersection of F2 and Fg, thus 
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Fj X 13.8(U 2,000 X S H 3,000 >. l(;--.-.0. 

This ia the same equation h8 was obtain<'<l in t]ie firnt Holution, 
and hence leads to the same result. 

4. It is required to determine the stress in the member 12 
of the truss represented in Fig. 20, due to the loads shown. 

Passing a section cutting members 12 and 14, and consider- 
ing the left part, we get Fig. 42. To determine Fj we may write 
a moment equation preferably with origin at joint 4, thus: 

Fi X 4.47 -t- 4,000 X 10 = ()*; 



or. 



,, -4,000 X 10 

>i = j"27= — -8,948 pounds, 



the minus sign meaning that tlie stress is compressive. 

Fj might be determined also by writing tlie algebraic sum of 




the vertical components <if all thn forces on the left part €Hjual to 
zero, thus: 

F^siu 2(V W 1 4,000= 0; 



or. 



_ 4,000 - 4,000 _ 

* sin 2b .U 0.44 1 



agreeing with the first result. 

EXAMPLES FOR PRACTICE. 

1. Determine by the method of sections the stresses in mem- 
bers 23, 25, and 45 of the truss representtMl in Fit(. 20, due to the 
loads shown. 

( Stress in 28 — - 5,000 pounds, 
Ans. ^ Stress in 25 — - 3,850 pounds, 
(stress in 45 r: -t- 8,000 j)ounCr::K 



♦ The arm of Vi with r<isiH»ot to (i) is 4.47 foot. 
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2. Determine the stresses in the members 12, 15, 34, and 56 
of the trass represented in Fig. 27, due to the loads shown. 

Stress in ifr^ - 11,170 pounds, 
Stress in T5 -- + 10,000 pounds, 
Stress in 34 =^ - 8,940 pounds, 
Stress in 50 = + 0,000 pounds. 



Ans. 



ISOO 





7«oo 



40. Complete Analysis 
of a Fink Truss. As a final 
illustration of analysis, we 
shall determine the stresses 
in the members of the truss 
represented in Fig. 43, due to 
])ermanent, snow, and wind 
loads. This is a very coin- 
iiion type of truss, and is 
usually called a " Fink " or 
'» French" truss. The trusses 
are assumed to be 15 feet 
apart; and the roof covering, 
including purlins, such that it 
weighs 12 pounds per squares 
foot. 

The length from one end 
to the peak of the truss equals 



I irr -t- :{()- Z.Z \ 1,1:25 ^ H3.54 feet, 
hence the area of tlie roofing sustained by one truss equals 

(:^3.54 X 15) 2 := 1,006.2 square feet, 
and the weight of that portion of the roof e(]uals 

1.006.2 X 12 = 12,074 pounds. 



7 i* w 



■^ :' , 



T'«.» 






OJf 
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The probable weight of the truss (steel), according to the formula 
of Art. 19, is 

15 X 00 ( — -f 1)^ :5,()r,() pounds. 

The total permanent load, therefore, equals 

12,074 H :VM>0 ^^ 15,134: pounds; 

the end loads equal ^^^ of the total, or 950 pounds, and the other 
apex loads ecjual ^ of the total, or 1,900 ])ounds. 

Dead Load Stress. To deterniino the dead load stresses, 
coDstrnct a stress diagram. Evidently each reac*tion equals one-half 
the total load, that is 7,000 i)oundH; therefore Al^CPEFGIIIJKA 
(Fig. 44A) is a jK)lygon for all the loads and reactions. First, we 
draw the polygon for joint 1; it is KABLlv, BL and LK repre- 
sentiiig the stress in hi and Ih (see rt*cord Page 72 for values). 
Next draw the j)olygon for joint 2; it is LBCML, CM and ML 
representing the stresses in rm and ////. Xext draw the polygon 
for joint 3; it is KLMNK, MX and XK rejjresenting the stresses 
in inn and nl\ 

At each of the next joints (4 and 5), there are thrtn^ unknown 
forces, and the I)olygon for neither joint can he drawn. AVo might 
draw the polygons for the joints on the right side corresjionding 
to 1, 2, and 3, but no more until tlie stress in one of certain mem- 
bers is first determincHl otlierwise. If, for instance, we determine 
by other methods the stress in /•/•, tlu»n we may construct the poly- 
gon for joint 4; then for 5, etc., without furtlu»r difficulty. 

To determine tlie stress in /•/*, we ])ass a section cutting v/', 
yr, and eq^ and consider the left part (see Fig. 44<). Tlie arms 
of the loads with respect to joint S are 7.5, 15, 22.5, and 80 feet; 
and hence, assu/ning Fj to he a [)u]l, 

-Fj X 15-1,1M)0 > 7.5 KIMK) 15- 1,IU)0 X 22.5- 1*50x30 
4- 7,000 >: )M) 0; or, 

^ -l.OOOvT..-) I.'.Mio . 1.-) i.'.io(». -jri.r, iioO . ;5(t ; T.noOxSO 

-^ 7,*)00 ])(»un(ls 
Since the sign (»f F, is plus, tli»* stress in //• is tensile. 
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Now lay oif KR to represent the value of the stress in h 
just found, and then construct the polygon for joint 4. The poly- 
gon is KNORK, NO and OR representing the stresses in no and 
or. Next draw the j)olygon for joint 5; it is ONMCDPO, DP 
and PO representing the stresses in dj? and j}o. Next draw the 



Vbrn, 



ip) \ 




polygon for joint 6 or joint 7; for it is PDEQP, EQ and QP 
representing the stresses in eq and (jj>. At joint 7 there is now 
but one unknown force, namely, that in qr. The polygon for the 
threo others at that joint is ROPQ; and since the unknown force 
must close the polygon, QR must represent that force, and must 
be parallel to qr. 
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On account of the symmetry of loading, the stress in any 
member on the right side is just like that in the corresponding 
member on the left; hence, it is not necessary to draw the diagram 
for the right half of the truss. 

Snow-Load Stress. The area of horizontal projection of the 
roof which is supported by one truss is ()0 X 15 = 900 square 
feet; hence the snow load borne by one truss is 900 X 20 = 18,000 
pounds, assuming a snow load of 20 pounds per horizontal 
square foot. This load is nearly 1.2 times the dead load, and 
is applied similarly to the latter; hence the snow load stress in 
any member equals 1.2 times the dead load stress in it. We 
record, therefore, in the third column of the stress record, numbers 
equal to 1.2 times those in the second as the snow-load stresses. 

Wind Load Stress. The tangent of the angle which the 
roof makes with the horizontal equals \^ or ^; hence the angle is 
26° 34', and the value of wind pressure for the roof equals 
practically 29 pound s per square foot, according to Art. 19. As pre- 
yiously explained, the area of the roof sustained by one truss equals 
1,006.2 square feet; and since but one-half of this receives wind 
pressure atone time, the wind pressure borne by one truss equals 

503.1 X 29 = 14,589.9, or practically 14,600 pounds. 

When the wind blows from the left, the apex loads are as 
represented in Fig. 45^^, and the resultant wind pressure acts 
through joint 5. To compute the reactions, we may imagine the 
separate wind pressures replaced by their resultant. We shall 
suppose that both ends of the truss are fixed; then the reactions 
will be parallel to the wind pressure. Let Rj and II2 denote the 
left and right reactions respectively; then, with respect to the 
right end, the arms of R^ and the resultant wind pressure (as may 
be scaled from a drawing) are lf).77 + 30.89 and 36.89 feet 
respectively; and with respect to the left end, tlie arms of K^and 
the resultant wind pressure are 10.77 + 30.89 and 16.77 feet 
respectively. 
Taking moments about the ri^ht end we find that 

- 14,000 X 30.89 + E,X (10.77 + 130.811) r^ 0; 

14,000 X 86.89 
°'* ^= 16.77 + 30.89 = ^^'^^'^ f"""^'- 
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Taking moments about the left end, we find that 

14,000 X 16.77 - K,x (10.77 + 36.89) = ; 

.„ 14,000x16.77 ,„^ 
"''• ^'= 16.77 + 36.89 = *-^-^ f"""^'' 

To determine the stresses in tbe members, we construct a 
stress diagram. In Fig, 45J, AB, BC, CD, DE, and EF repres*-!!! 
tbe wind loads at the successive joints, beginning witfa-joint 1. 
Tlie jKiint V is also marked G, H, I, and J,, to indicate tbe ^t 
tliat tbere are do loads at joints 9, 10, 11, and 12. JK represebta 
the riglit reaction, and KA tbe left reaction. 

We may draw tbe polygon for joint 1 or 12; for 1 it is 
KABLK, BL and LIC representing the stresses in 11 and Ik. We 
may next draw tbe polygon for joint 2; it is LBCML, CMand 
ML representing tbe stresses in cm and mf. 

Stress Record. 



MEUIiElt. 


Dpn<IL«w.l.].Sn..wI.oa<l.[w 


.<l Lott.jwindRiiihl.] Reaoltanl. 


Resultaot. 


hi 


-14,700 


- 17.600 1 


16.400 


48,700 


-32.300 




- 13.700 


^ lfl,i00 


l.".,900 


46,000 


-.10.100 


'If 


- 12,fil» 


- 15.H10 


l.VOO 


43,100 ■ -a8,ono 


''•I 


-11,000 


- i;(,ffl"i 


14,9(X) 


40.400 


-26.500 


Im 


- 1,6.10 


- 2.l)l») 


3,700 


7„350 


- 5,.-i50 




+ l.ftV) 


+ -urn + 3,7110 + i?aA 


+ 5.350 




- 3,T0O 


- 4.im 


7,4(X) 


14,700 


- 10,700 


"P 


4- l,ft')0 


+ 2,2110 + 4,100 + 8,150 


+ 5,950 


l"l 


- I,(io0 


^ 'lIXKi 


3,700. 


7,350 


- 5,550 


rq 


+ r>,(Kio 


H 


h 6.OCJ0 - 


hn,ouo - 


h22,000 




hl6,000 




+ 3,100 


- 


- 4.100 - 


- 7,100 - 


14,9(X) 




-10,800 


kl 


+13,30(1 


- 


■nu'xio - 


i8;)(Ki H 


h 6,100 n 


■47,600 




■31.600 


k<i 


+11,300 


■ 


\-i:i.mi> - 


14,2011 - 


- e.i(K> 


L39.100 




25,.W0 


kr 


+ 8,(X)n 


- 


h ti.dOil - 


- G,H<) ■ 


1- «,10l> 


^2.3,700 




■17,600 


kr 


+ii;«)o 


- 


ui.^eoo - 


- R.lOl 


-14.200 - 


^39,10O 




■25,500 


k.e 


+13„-!(I0 


■ 


-16,0(10 H 


- (1,UK1 


-IS^TOO 


L47,600 




-31,600 




+ -Mm 


- 


- 4,100 




- 7,400 


-14,900 




■10,800 




+ 5,000 


- 


-6,000 


■ 


-11. (KX) H 


-22,000 




16.000 




- l.ftTll 


- !i.(l(X) 


+ 3,7.X) 


7;350 


- 5,350 


iu 


+ \,da.\ 


+ 2,2(10 


1 + 4.100 -\ 


- 8,150 


+ 5,950 




- 3,300 


- i,m 


' - 7,100 


14,700 


- 10,700 




+ 1,650 


+ 2,000 


1 - 3.700 H 


-7,150 


+ 5,350 


ICO- 


- 1.050 


- 2.0U) 





- 3,7a) 


7,T50 


- 5,350 


/' 


- 11,(S00 


- 13,900 





-11,900 


40,400 


-26,500 


Qt 


-12,000 


-15,100 





- 15.400 


43,100 


-28,000 


hw 


-13,700 


-16,410 





- 15.000 


46,000 


-. 30,100 




- U,700 


-17,600 





- 16,400 


48,700 


-32,300 
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We may draw next the polygon for joint 3 ; it is KLMNK, MN 
and NK representing the stresses in vin and nl\ No polygon for a 
joint on the left side can now be drawn, but we may begin at the 
right end. For joint 12 the polygon is JKXIJ, KX and XI 
representing the stresses in I'x and xi. 

At joint 11 there are three forces ; and since they &re 
balanced, and two act along the same line, those two must be equal 
and opposite, and the third must equal zero. Hence the point X 
is also marked W to indicate the fact that XW, or the stress in 
arw, is zero. Then, too, the diagram shows that WH equals XI. 
Having just shown that there is no stress in xw^ there are but 
three forces at joint 13. Since two of these act along the same 
line, they must be equal and oj)p08ite, and the third zero. There- 
fore the point W is also marked V to indicate the fact that WV, 
or the stress in wv^ equals zero. The diagram shows also that VK 
equals XK. This same argument applied to joints 9, 15, 10, and 
14 successively, shows that the stresses in stj tUj vVj ur^ and 
»r respectively equal zero. For this reason the point X is also 
marked UTS and K. It is plain, also, that the stresses in sf and 
ty equal those in wh and xiy and that the stress in k/* equals that 
in I'v or l^x. Kemembering that we are discussing stress due to 
wind pressure only, it is plain, so far as wind pressure goes, that 
the intermediate members on the right side are superfluous. 

We may now resume the construction of the polygons for the 
joints on the left side. At joint i, we know the forces in the 
members I'fi and ^v; hence there are only two unknown forces 
there. The polygon for the joint is KXORK, NO and OR repre- 
senting the stresses in no and or. The polygon for joint 5 may 
be drawn next ; it is ONMC'DPO, DP and PO representing the 
stresses in Jj) and jfff. The ])olygon for joint (\ or joint 7 may be 
drawn next ; for (J it is PDKQP, EQ and QP represcMiting the 
stresses in ifj and yy>. At joint 7 there is bnt one unknown forct*, 
and it must close the jK)]ygon for the known forces tlu»re. That 
polygon is KOPQ ; luMice Qll rej)resents the unknown force. (If 
the work has been correctly and accurately done, CJR will be 
parallel to y/i. 

When the wind blows upon tlu^ rij^ht side, t\w. values of the 
reactions, and the stresst's in any two corrt^spondinjjj members, are 
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reversed. Thus, when the wind blows upon the left side, the 
stresses in Vl and hv equal 18,300 and 6,100 pounds respectively ; 
and when it blows upon the right they are respectively 6,100 and 
IS, 300 pounds. It is not necessary, therefore, to construct a stress 
diagram for the wind pressure on the right. The numbers in the 
tiftii column (see table. Page 72) relate to wind right, and were 
obtained from those in the fourth. 

4i. Combination of Dead, Snow, and Wind-Load Stresses. 

After having found the stress in any member due to the separate 
loads (d(*ad, snow, and wind), we can then find the stress in that 
member due to any combination of loads, by adding algebraically 
the stresses due to loads separately. Thus, in a given member, 
suppose: 

1 )ead-load >< tress — -\- 10,000 pounds. 

Snow-load ** r= + 15,000 «• 

Wind-load ** (right) = - 12,000 
** (left) = + 4,000 

Since the dead load is permanent (and hence the dead-load stress 
also) the resultant stress in the member when there is a snow load 
and no wind pressure, is 

! 1(),()00 1 ir,,()0() __ -f 25,000 pounds (tension) ; 

wluMi tluTi* is wind jircssure on the ritrlit, th(» resultant stress 
ecjnals 

1 KMMH) - 12,000 ^ - 2,000 j)ounds (compression) ; 

when tb(M*e is wind pressure on the left, the resultant stress is 

: 10,000 -I- 4,000 ^^ I- 14,000 pounds (tension); 

and wlhMi tlicre is ;i snow load and wind pressure on the left, the 
resultant stress is 

r 10,0(X) ! 15,000 i 4,000 _. | 20,000 pounds (tension). 

If all possible combinations of stress for the ])rece(lin^ case be 
niad(\ it will be seen that the greatest tension which can come 
upon tlie member is 20,000 pounds, and tlu^ rrreatest compression 
is 2,000 jiounds. 

In roof trusses it is not often that the wind loa<l produces a 
*' reversal of stress" (that is, changes a tension to compression, or 
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viceveraayy but in bridge trusses the rolling loads often produce 
reversals in some of the members. In a record of stresses the 
reversals of stress should always be noted, and also the value of 
the greatest tension and compression for each one. 

The numbers in the sixth column of the record (Page 72) are 
the values of the greatest resultant stress for each member. It is 
sometimes assumed that the greatest snow and wind loads will not 
come upon the truss at the same time. On this assumption the 
resultant stresses are those given in the seventh column. 

EXAMPLB FOR PRACTICE. 

1. Compile a complete record for the stresses in the truss of 
Fig. 24:, for dead, snow, and wind loads. See Example 1, Article 
27, for values of dead-load stresses, and Example 2, Article 29, 
for values of the wind-load stresses. Assume the snow load to 
equal 1.2 times the dead load. 

After the record is made, compute the greatest j)ossible stress 
in each member, assuming that the wind load and snow loftd will 
not both come upon the truss at the same time. 

The greatest resultant stresses are as follows: 



Member. 
Result- 
ant. . . . 



-14,9r)0 



fe 



i>u 



+i7,8a) -10,4a) 



fg 

-8,900 



gh 

+7,8(X) 



hi 
-8,900 



he 



ie I id 



-11.8(X) +11,5001-13,800 



43. Truss Sustaining a Roof of Changing Slope. Fig 46 

represents such a truss. The weight of the truss itself can be esti- 
mated by means of the formula of Art. 19. Thus if the distance 
between trusses equals 12 feet, the weight of the truss equals 

V= 12 X 32 ( -,^t + 1) -_- 875 j)ounds. 

The weight of the roofing eipials the product of the area of 
the roofing and the w^Mght per unit area. Tlie area equals 12 
times the sum of the lengths of the members 12, 2;i, iU, and 45, 
that is, 12 X 3()J = 4;iS square feet. If the roofing weighs 10 
pounds per Sijuare foot, then the weight of roofing sustaintMl by 
one truss erjuals 43S x 10 r: 4,3S0 pounds. The total dead load 
then equals 

675 r 4,;iS0 -- 5,255 i>oun<lfi; 
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and the apex dead loads for joints 2, 3, and 4 eqnal : 

►-p X 5,255= 1,314 (or approximately 1,300) pounds; 
while the loads for joints 1 and 5 equal 

- - X 5,255 ■- -r-()57 (or approximately 650) pounds. 

The snow loads for the joints are found by computing the 
snow load on each separate slope of the roof. Thus, if the snow 



looolbo. 



a loo ^ ^ looolbo* 



SlQOl 




?1740lb9. 



Fij^'. 46. 

w<»ighs 20 pounds jut s(piare foot (horizontal ), the load on the portion 
12 e(]uaLs 20 tinios the aiva of the liorizontal projection of the por- 
tion of tho roof represented by f2. This horizontal projection equals 
S X 12 (=3 <M)) scjuare feet; snow load equals % X 20 (= 1,920) 
pounds. This load is tobeeijually dividt^d between joints 1 and 2, 

Tn a similar way the snow load borne by 2;5 equals 20 times 
the area of tlu» horizontal ])r()jeeti()n of tlie r<):)f represented by 23; 
this horizontal projection e(juals S < 12 ( :: DlV) square feet as 
before, and the snow load Ikmico etjuals 1,1)20 pounds also. This 
load is to be equally divided betwetMi joints 2 and ^\, 

Evidently the loads on parts :U and !■."> ulso equal 1,920 
pounda each; hence the apex loads at joints 1 and 5 equal 960 
poun Is and at joints 2, 3 and 4, 1,U20 pounds. 
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The wind load iimst he computed for each slope of the roof 
separately. The angles which 12 and 23 make with the horizontal, 
scale practically 37 and 15 degrees. According to the table of 
wind pressures (Art. 19), the pressures for these slopes equal 
about 35 and 20 pounds per square foot re8])ectively. Since mem- 
ber 12 is 10 feet long, the wind pressure on the 37-degree slope 
equals 10 X 12 X 35 = 4,200 jK)unds. 

This force acts perpendicularly to the member 12, and is to 
be equally divided between joints 1 and 2 as re])resented in the 
figure. Since the member 23- is 8^ feet long, the wind pressure 
on the 15-degree slope equals 

8J X 12 X 20 = 1,980 or ai)proximately 2,000 pounds. 

This pressure acts perpendicularly to member 23, and is to be 
equally divided between joints 2 and 3 as represented. 

The stress diagram for dead, snow, or wind load for a truss 
like that represented in Fig. 40, is constructed like those previously 
explained; but there are a few points of difference in the analysis 
" for wind stress, and these will be explained in what follows. 

Examjyle. Let it be re(juired to determine the stresses in the 
truss of Fig. 46, due to wind loads on the left as represented. 

It is necessary to ascertain the reactions due to the wind loads; 
therefore, find the resultant of the wind pressures, see Art. 32; it 
equals 6,120 pounds and acts as shown. Now, if both ends of the truss 
are fastened to the supports, then the reactions are parallel to the 
resultant wind pressure, and their values can be readily found from 
moment equations. Let R, and 11^ denote the left and right reac- 
tions respectively; then, since the arms of R, and the resultant 
wind pressure with respect to the right end equal 27.8 and 19.9 
feet respectively, 

ll,X 27.S ^ (U20 X rJ.t> '-- - 12l,7SS ; 

121,7SS 
hence, K, =-^ — '^r^ — ^^ 4,3S0 pouiuls a])proxini{itely. 

Since the arms of K, and the resultant wind pressun^ with re8j)ect 
to the left support are 27. S and 7.1) fet't respectively, 

R^X 27.8 = 0,120 X 7.U = 48,348 ; 
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48,348 t t^A/\ 
hence, R^= — 07^ — = 1,740 pounu8 approximately. 

The next step is to draw the polygon for the loads and reactions ; 
so we draw lines AB, BC, CD, and DE to represent the loads at 
joint 1, the two at joint 2, and that at joint 3, respectively ; and 
then EF to represent the right reaction. (If the reactions have 
been correctly determined and the drawing accurately done, then 
FA will represent the left reaction.) 

The truss diagram should now be lettered (agreeing with the 
letters on the polygon just drawn), and then the construction of 
the stress diagram may 1^ begun. Since this construction presents 
no points not already explained, it will not be here carried out. 

EXAMPLE FOR PRACTICE. 

Analyze the truss of Fig. 46 for dead, snow, and wind loads 
as computed in the foregoing, and compute the greatest resultant 
stress in each member due to combined loads, assuming that the 
snow and wind do not act at the same time. 
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- 2,500 


-3,450 


- 8,050 



r- 



ROOF TRUSSES 



1. Classes of Roof Trusses. Roof trusses may be divided into 
thiee classes according to the shape of their upper choni. These 
thiee classes are : 

(1) Triangular roof trusses; 

(2) Crescent roof trusses; 

(3) Roof trusses other than these. 

Fig. 1 shows various forms of triangular roof tnisses. The 
PraU and Howe trusses are shown respectively by a and h. These* 
tnisses obtain their name on account of their web bracing being of the 
Phitt or Howe type. The triangular truss in most common use is the 
Fink,next to which is the Smc-foofh. The Fink truss is built in a 
variety of forms, as shown in Fig. 1 (c,rf,e,and/),r Inking for spans 
up to 60 feet; e for spans up to 70 feet, and d and / for spans up to SO 
feet and over. The great advantage of this style of truss is that 
many of its members have the same stress, and therefore it can Ix* 
constructed more cheaply on account of the fact that a large amount 
of the same sized n(Uiterial can be purchased at once. 

When the top chord of a nwt truss becomes bent as shown in 
Fig. 2f the truss is called a crofcefii roof tniss. The bracing in the 
crescent roof trusses is not of any particular fonn, being as a usual 
thing built of members which can take either tension or compression. 
This is made necessary by the fact that the curved upper chord may 
cause either tension or c*omprf\ssioii in the webbing, acconling to the 
angle of its inclination with the horizontal. 

Roof trusst'S which do not come under either of the above class(»s 
may be regarded in a class of their own. To this class belong those 
trusses which are somewhat like a bridp^ truss in that the two chords 
are horizontal or nearly so. The ends of these trussi^s may Ix? wc- 
tangular or not. For various typ(\s of this class of tmss, see Fig. 3. 

In addition to the alM)ve classification, which is based on the 
form of the chonls, n)of trusses may Ik* divided aeconling to the 
manner in which their menilxTs art* connected. This classification 

i'opyrigfit, /?*ii. by Aintrimn srhouj nj ('orr*tipumifnr^. 
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.^.i^ ll^lW s , .< l^^Pt ^ ^^/^^\^ 



a Praff 



b. Howo 



c Common Rnk 



d Common Fink ( long span) 




e Modified Fink or Fan Truss 




f Modified Fink orfoniknq span) 



North 





g Saw Tooth h KetcKum's Modified SawToo^ 

F'lj:. 1. Triangular Roof Trusses. 





I<'1|^. "2. lYesot'nt Ko«>f Trusst*.s. 
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FlK. 3. Trusses with Chords Almost Parallt'l. 
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is that of pin-^onnecied and riveted. For a definition of this, and for 
figures showing such joints, see **Statics," pp. 22 and 23. 

Trusses are seldom built as pin-connected unless they are of 
long span, since roof trusses are comparatively light, and pin-con- 
nected trusses, unless of considerable weight, do not give very great 
stiffness. 

Riveted roof trusses are used for nearly 
all practical purposes, since they give great 
rigidity under the action of wind and of mov- 
ing loads, such as cranes, which may l)e at- 
tached to them. 

2. Physical Analysis of Roof Trusses. 
In pin-connected roof trusses, the tension mem- 
bers consist of I- bars or rods; and the com- 
pression members are made of channels or angles and plates, either 
plain or latticed. In riveted trusses, both tension and compression 
members are made up of angles and plates or a combination of the two. 
The top chords of roof trusses of medium span usually consist of two 
angles placed back to back. If the stress becomes too great to be 
taken up by two angles larger than 5 by 3} inches, then two angles and 
a plate are used (see Fig. 4). In case the roof truss is of great size and 




Fig. 4. Chord Section 
for Heavy Stresses. 










Fig. 5. Flj?. 6 

Chord Sections for Trusses of Long Span. 

the stresses are exceedingly large, tin* chord memlnT n>ay In* built up 
in a manner som(»what similar to a bridge truss, l>eing constructed of 
two channels and a plate, or four angles and three plates. Figs. 5 and 
6 show cross-sections of chords for long-span riveted trusses. These 
cross-sections may also be ust^l for pin-connected trusses. 

The web menilKTs of a truss usually consist of one angle; and 
if this is insufhcient, two angles hack to back are usc»d. Fig. SO, 
page 65, gives a diagram of a reH)f , and shows not only the roof trusses 
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b\it also various other parts whicii will he referred to in the succeeding 
ai tides. 

l\. Wind Pressure and Snow Loads. The wind pressure on a^^ 
flat surface varies, of course, with the velocity of the mnd, and is 
closely given by the formula: 

p =-. o.oo4n 

Hy sul>stitutinf( in this formula, the values shown in Table I are detei^ 
miiuHl for given velocities in miles pi»r hour. 

TABLE I 
Wind Pressure at Various Velocities 
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'V\\v press! I res imliratcW in Tal)!** I an' |xT[K»n(licular to the direction 
nf llif wiiHJ. Wlirn tln' wind Mows on an incline<l surface, the wind 
i> as-^oincd to Ix' a(tin«: hori/ontally. and the normal component on 

the inclined surface is deter- 
niinrd. This component is not 
('({iial to the horizontal pressure 
times the sine of the angle of 
in<-li nation, as one would sup- 
pose (see Fi^. 7), but is greater 
i)v a small amount. Roofs are 
usnaily fi«xon'il on a basis of 40 
|)ounds pressure* on a vertical 
surface. The value of the nor- 
mal component for a iiorizontal wind pressuri' of 40 pounds per 
scjuare ft>ot. is ^nven on paji^i* 2\ of *' Statics," and is here, for con- 
venience, reduced to the normal pressun* for any given pitch. 
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Pitch Normal Wind Presbure 

\ .34 pounds per square foot. 

30*» ;.32 

J 30 

} 26 

\ ,..22 

If the normal pressure on a roof making any other angle with the hori 
zontal is desired, see "Statics/' p. 24. 

The determination of these values is based for the most part on 
data obtained by experiment. In the computations relative to the 
design of buildings, the wind Ls usually assumed to exert a pressure 
on the walls of 30 pounds per square foot. 

The snowfall 



For Fbcific Coast 
and Arid Regions use 
one-half tabular t^a lues- 




40 
Latitude in Degrees 

Fig. 8. Unit Snow Loads. 



varies with the lo- 
calitv. The heav- 
iest snow loads 
which come upon a 
roof are not always 
in the locality of 
the heaviest snow- 
fall, since a compar- 
atively light snow- 
fall may occur, and 
if this is followed 
by wind and sleet, 
the result will be a 
load greatly in ex- 
cess of the snowfall itself. The snow load [)or scpiarr foot of roof 
surface varies with the pitch of the roof, an<l will Ik» greater the 
smaller the pitch. The ice and sleet will 1h» comparatively constant. 
Fig. 8* gives values of snow and sleet loads which xxw rec()mrn(Mi(l(»<l 
for use. It is customary to figure the snow load by taking it as so 
much per square foot of horizontal projection. 

EXAMPLES FOR PRACTICE 

1. Compute the wind panel load on a roof whose pitch is }, 
and whose panel length is 15 feet, the distance between trusses being 
16 feet. 

2. Compute the snow panel load for the truss of Problem 1 , above. 

•Ketchum's "Steel Mill Buildings," p. li. 
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4. Weights of Roof Trusses. The weight of a roof truss varies 
with the material of which it is constructed^ the span, the distance 
between trusses, the pitch, and the capacity of the truss. The actual 
weight, of course, cannot be determined until after the truss is 
designed; but an approximate weight may be obtained from any of 
the empirical formulae which are now in use. Table II gives the 
most conmion and best of the empirical formulae, together with the 
names of their authors. 

TABLE II 
Formulae Qlvlos: Weights of Roof Trusses 



Formula 



«' = 4-'"0^ro) 



W 

w 
w 
w 



"' i' + A) 



"'' (i + 6^4b)' *°''***" *'"'^''- 

45 V 5»'a/ 

IF = a/ (0.06 / + 0.6) for heavy loads \ 
FF = a/ (0.04 / + 0.4) " light " ( 



Author 



Mansfield Merriman 

E. R. Maurer,(p. 23, "StaUcs") 

N. C. Ricker 

Milo S. Ketchum* 

C. W. Bryan 

C. E. Fowler 



In the above formuliv, 

W = Weight of steel in truss, in pounds; 

P = Capacity of truss in pounds per square foot of horizontal projec- 
tion of roof; 

r =^ Rise of peak, in feet; 

a == Distance center to center of trusses, in feet; 

/ ^ Span of truss, in feet. 

ROOF COVERINGS 

5. The roof is covered with some material which will protect 
the interior of the building from the action of the elements. This 
covering may consist of any one or more of the materials which, 
together with their weights [xt square foot, are indicated in Table III. 
The weights here given for materials which must he laid upon sheath- 
ing, do not include the weight of the sheathing, which is given sepa- 
rately. A short description, together with necessary information for 
use in estimates, will now be given. 

* "Steel Mill Buildings." p. 5 
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TABLE III 
Approxinuite We^hts of Roof Coverings 



Material 


Wei3HT per Square Foot 


White pine sheathing 1 inch thick 


3 lbs. 


Yellow pine sheathing 1 inch thick 


4 " 


Batten sheathing, 4-in. by 1-in. 


2i " 


Slate 


10 " 


Skylight glass, including frame 


10 " 


Tin 


1 " 


Shingles 


3 " 


Corrugated steel 


2 " 


Flat tiles 


12 to 25 " 


Corrugated tiles 


10 " 


Concrete slabs 


35 to 50 " 


Felt, asohalt and gravel 
Felt ana gravel 


10 " 


10 " 


Patent roofings 


ito U" 


Sheet steel 


14 " 


Non-condensing base 


1 " 




^, 



Fig. 9. Method of Laying Slate. 



Sheathing. Sheathing is generally laid directly upon the purlins 
(see Article 6); and upon this are laid the shingles, slate, tin, or tile. 
Sheathing is usually made of a single thickness of planks, 1 to 2^ 
inches thick, laid close together. In some cases, however, when 
batten sheathing is used, it 
is spaced from 2 to 4 inches 
apart. This has the advan- 
tage of being cheap and at 
the same time allowing good 
circulation of air beneath 
the roof covering, and con- 
sequently dampness due to 

any cause will soon dry out. Batten sheathing is much used where 
the roof covering consists of slate, shingles, or tile. 

Slate. Roofing slate is generally of the characteristic slaty color, 
but may be obtained in nature in greens, purple, reds, and other 
colors. It is made in thicknesses of from J t^ i inch, in widths from 
6 to 24 inches, and in lengths from 12 to 44 inches. The 12 by 18 by 
i^^-in. slate is probably the most commonly used. Slate should be 
laid as shown in Fig. 9, and the pitch of the roof should not be less 
than J. If the pitch of the roof is less than this, the lap should be 
made greater than 3 inches, as is shown in Fig. 9. The lap should 
be increased at least J inch for every i J^ in pitch; and the minimum 
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pitch should never be less than J, since it is practically impossible to 
prevent roofs with a smaller pitch than this from leaking, especially 
if a strong wind is blowing. 

The number of different sizes of slate required to lay 100 square 
feet of surface, and also their weight, are given in the handbooks of 
the various slate companies. With a 3-inch lap, it takes 160 of the 
size and thickness mentioned above to lay 100 square feet, and the 
total weight of this square is 650 pounds. Slate is one of the most 
durable of roofing materials. Its first cost is high, being from 5 to 
8 dollars per hundriMl sc|uare feet; but the cost of maintenance is 
almost nothing, sincv it is affected neither by the elements nor by the 
action of gases or acids. In case the roof would be subjected to the 
action of gases or acids, it is advisable to use copper slating nails. 

Skylight Glass. Skylights usually consist of glass about ^^ to 



Joint . . ft/Soldei 



First Stage I Finished 
A ^ Join 

CT Sheathing -^ Sheathing -^ 

Fl- 10 Tin T.uiil with Flat Seam. Pig. 11. Tin Laid with Standing Seam. 

? inch in thicknc\ss, .supported on light members of iron or galva* 
iiizod iron which act a.s a framework. The actual weight of glass of 
(lifl'erent kintls can W accurately obtained from manufacturers' cata- 
l()giH\s, and the student is referred to these; they may be had by 
addrt^ssinf^ the manufacturers (.see Figs. 73 and 74). 

Tin. This is made by coating thin, flat sheets of iron or steel, 
either with tin alone or with a mixture of tin and lead. In the first 
case the ])roduct i.s called hrifjhf tinplaie, and in the second case teme 
plate. Teriie plate must not he u.sed where it will be subjected to the 
action of acids or corrosivt^ ga.scs, since the lead coating is rapidly 
destroyed, and then of course* the iron also. 

Tin plates come in various sizes and thicknesses; but usually 112 
come in one box. The most commonly used is a sheet 20 by 28 
inches, and of sheet iron of Xo. 27 gauge, which weighs 10 ounces to 
the square foot. This is marked '*IX." If the box were marked 
"IC," it would indicate that the sht^ts were of No. 29 gauge metal, 
which wei«:hs S ounces to the scjuare foot. The value of the roofing 
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depends to a great extent upon the amount of tin used in the coating. 
This will vary from 8 to 50 pounds for a box of the 20 by 28-inch 
sheets. 

A tin roof is fonned by fixing together a number of these sheets. 
The sheets may be connected as shown in Fig. 10, or as shown in Fig. 
11. In the first case, they are said to be laid with a ft at seam, and 
in the second case they are said to be laid with a standing seam. Tin 
roofs rot out very readily unless they are kept painted. If a new coat 
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50" wide before corrugating 
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after 
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2 Cornuqation Side Lap 



Covers 25V 



Covers 25i 




li Corrugation 5ide Lap 



Covers 26i" 



Covers 26V 




I Cornuqation 5ide Lop 

Fip. 12. Lapping cif Corruj^aitNl Stivl. 

is given them every couple of years, they will last from twenty to 
thirty years. 

'^Tin can be laid on roofs whose pitch is very small, say fV* The 
first cost is about as much as that of slate, but the cost of mainte- 
nance is very hi^h. 

Shingles. Shingle roofs are very seldom us(h1 on buildings for 
manufacturing purposes, for the reason that i\\vy take fire quite 
readily, leak quite easily, and require renewal (juite often. Shingles 
are from 18 to 24 inches long, and usually run from 2 to S inches in 
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width, although they can be obtained of a uniform width of from 4 
to () inches. They are laid hke slate, the lap being made 4 inclies or 
mon\ They should never be laid on roofs whose pitch is less than ^, 
It takes about from 800 to 1,000 shingles to lay 100 square feet of 
nx)f. The cost is about $5.00 per 100 square feei; but under the best 
conditions, the life of shingles is only about ten years. 

Corrugated Steel. Corrugated steel is made from flat sheets of 
standanl gauges, and may l)e either galvanized or left as it ct)mes 
fmm the rolls. The corrugations are of different siax^s and widths; 
the total width of the plates 
runs from 24 to 28 inches, 
and their length fix>m 5 to 
10 feet, varying l)y \ foot. 
The sheet most used for 




Vi<^. \:i. Showlnir How Slcol Itoollnp: is 
l"';isltMH'(l to rurlliis. 



ro')f construction has 2A-incli 
corrugations; is 26 inches wide 
after corrugating; and will 
cover a width of 24 inches 
with one lap and 21 i inches 
with two laps. This roofing 
should he laid with a pitch of 

not Irss than ], and should have from (J to <S inches lap at the ends. 

For further information regarding the method of lapping and the 

width covered, see Fig. 12. 

(^)rrugated steel is fastened (Mther directly to wooden purlins 

by means of nails, or directly to iron purlins either by means of a 

holt and clip or by a clinch nail (sec Fig. 13). 

It is often advisable to know the strtMigth of corrugated steel 

when supported at certain distances apart by supjK)r(s {x*rj)endicular 

lo the corrugations. This unsupported length determines in many 

eases the spacing of the purlins. The load in pounds jxt s(|uan» foot 

which can be carried l)y a plate of span /, parallel to the corrugation, 

is iriven bv the formula: 
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in which, 

I = Unsupported length of sheet, in inches; 
t = Thickness of sheet, in inches; 
S = Allowable unit-stress; 
d = Depth of corrugation, in inches. 

Tal)Ie W, giving data relative to corrugated sheets, is taken 
from page 172 of the Pocket G)mpanlon of the Carnegie Steel Com- 
pany (edition of 1902), where also other valuable information is given. 

TABLE IV 
Corrugated Steel Data 
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0.035 " 
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0.028 " 
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101 
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Tiles. One of the most eommon sizes of plain roofing tile is 
lOj inches long by 6} inches wide and f inch thick. Tile of this size 
weigh about 2J pounds each. 
They are laid with a lap equal to 
one-half their length. ^Fhey may 
l)e laid directly u|X)n plank 
sheathing in a manner similar to 
shingles or slate, or they may he 
laid directly upon purlins (aea 
Figs. 14, 15, and 16). In the 
first case they are nailed din^ctly 
to the sheathing, and in the stTond case they arv connected with the 
purlins either with copjx^r wire or clinch nails. Flat tiles are usually 
laid in cement ; corrugated tiles are made so as to interlock, and conse- 
ciuently in most castas recjuire no cement. One convenienct* of the 
tile roof is that the skylights may be formed by laying glass tile in 
place of the other. 

Tile roofs are very substantial; but aiv very costly, in rt^gard not 
only to the tiles themselves, but also in regard to the additional 



Fig. U. Method ot Laying Flat Tile on 
Plank Sheathing. 
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weifrfit re«]uintl in the trusses h\ ivoson of the great weight to U- 
siipportetl. l-jlc weigh from 700 to 1,000 pounds per UtO s<iuurc fwt 
of roof surface. They cost from $12.00 to $40.00 per 100 s()iian> feet 
on the roof. 

Concrtie Slabs. These are usually mouMed directly in platv 
by ,sus[M'a<)ing forms from the roof trusses. They may or may ni»t I>e 
reinforre<l, and in any case are usually not over 4 inches in thickness. 
'ITicir weipht is ul>out 50 pound:^ per square foot. Their eost is from 
SKi.lK) to $30,00 per hundred square feet of roof surface. 'ITicy are 
(■xix'nsive, not only on their o»ni account, but also fn)m (he fact that 
the weight of die nxtf trusses must W increase*! in order to currj- the 




vi'i;i;lii of ihe yildis. Ciiiicn-ie nKifiiij: may Ix- ii.sid on n><>fs which an' 
miclu'iilly Hat, \ iiifh to 1 f<ml iK-ingsuHicient pilch. 

Felt and Asphalt. 'Hiis nmfing is hiiil u(x)n .sliinglcs, and i-onsi.sts 
.r <im- ihickiKw of dry Ml, lliivc or four thicknesses i>f r(H)iing felt 
v.ll iriiirTilcd logcihiT widi aspliall n-nient. and laid widi gtMKl la|»s 
vlirn- llicy join, and a (■.>alirif.' "f fn>iii KM) to 2IKI pounds of asphalt 
«!■ IIMI sipian' fret of iiiof .siirfaci-. I'ikui tliis a.-;plialt, while hot, 
rravcl scn't'iieil lliniiigli a i;-iiicli incsli i.s spn-ad in the quantity of 
iIkiiiI i of a eiilii<- yaiii [mt HH) square fret. 'I'lii.s ehi.is of roofing 
ihonid never U' laid (in n»>U whose ]tileii is gn^ator than J, siiicf, 
vheii hcatetl l>y the rsiys of the sun, tlie asiiliali will nui and desln>y 
he surface. It gives gWHl .^Jili.sfaetioti on niofs who,>ie pilch is ,'3. 
riusela.s.sof n)ofingean Ih- U.ught in rolls, and in tlusea.si' thegravei 
s exceedingly fine, Ix iug scnened dir<)Ugli a i-ineli mesh. 
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Felt and Gravel Roofing. This roofing is similar to the alx)ve; 
only, in this case, tar instead of asphalt is used for the cementing con- 
stituent. This roofing does well on roofs of flat pitch, and should 
never be used on roofs whose pitch exceeds J. It can also be bought 
in rolls ready for laying, in which case the gravel is screened through 
a J-inch mesh. The prepared nx)fings are cheaper than those laid by 
hand ; but they do not give good ser\'ice unless great care is taken 
to fasten them down securely. In economy of first cost and main- 
tenance, they are evjual to or better than tin. 

Sheet Steel. This should not be laid on a pitch less than J, unless 
the ends are cemented together where they lap. It comes in sheets 28 
inches wide and from 4 to 12 feet long, or it may be purchased in 
rolls 26 inches wide and about 50 feet long. When used in sheets, it 
may be had with standing crimped edges, in which case it is laid as 

Wood Nailing Strips- 

^^^t .^^^'l ^!^n 5teemoofinq^ ^Fclt orTar Rapcr 

Wine Nettina^ ^A^kA<f<N« 



'Sheathing Wire Netting^ ^Asbestos 

Fig. 17. Method of Layln^r Sheet Steel Pig. 18. Method of Laying Roofing on an 

'vi'ith Crimped Edges. AntiCondensing Base. 

shown in Fig. 17. In case* it comes in n)lls, it may 1k» laid in the sjime 
manner as tin, with either standing seams or horizontal flat ones as 
sho\»Ti in Figs. 10 and 11. Like corrugated steel, it comes in difTerent 
gauges, No. 28 being that most commonly used. It can be laid 
cheaper than tin, on account of the long lengths obtainable. 

Patent roofings of many kinds arc on the market. Thest* come 
in n>lls usually fnnn 2 feet to *^\ feet wide, and cover alx)ut 2(X) square 
feet of roof surface. The basis of most of these* covers is aslx^stos, 
felt, magnesia, or rublxT; and this is tR^ated with either asphalt, tar, 
or some other preparation, and in some cases is coverc^d with fine 
gravel. 

Non-Condensing Roofing. In cases whert* a metal, slate, or tile 
roof is used without sheathing, moistuix* is liable to condense upon the 
under side and drip on the floor l)eneath. This can Ix* prt» vented by 
laying the material upon an anti-condensing base consisting of a layer 
of wire netting on top of which arc* placed one or moR' sheets of aslx'S- 
tos paper about ,V *"ch thick (see Fig. IS). 
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Snow load - 10 X 16 X 12 1 920 pounds 

Roof covering =* 10 X 16 X 14 2 240 

16 rafters 6 by 2-in., 10 feet long, at 3 lbs. per 144 cu. in. 480 






Total 4 640 pounds 

The moment caused by this weight is: 

(4 640 X 16 X 12) -5- 8 = 111 360 pound-inrhos. 

The determination of the beam which will be used to withstand 
this bending moment is made by means of its section modulus. The 

MI. 
formula ^ = - is used in the design of beams. The values of / 
o c 

and c arc constant for any given beam, and therefore the value of 
/ -^ c for any particular beam is a constant, and this constant is called 
the section modulus. It is therefore evident that if we have a certain 
l)en(ling moment and a certain allowable unit-stress, we can obtain 
the value of the section modulus by dividing the moment by the 
allowable unit-stress. Then, looking into one of the steel handbooks, 
the lK*am can 1h» determinc^d which will have a section modulus equal 
to or slightly in excess of the value that has been obtained by dividing 
th(» Ix^nding moment by the unit-stress. This beam will be the beam 
whicli, with a uiiit-strt^ss equal to the one assumed, will withstand the 
Iviuling moment under consideration. 

Tlu' handbooks issiUMl by many of the steel companies are indis- 
pensable to the iiitelli^'nt desi^^i of structural steel. That issued bv 
the (^inu'<j;u' ."-'teel (\)ni[)any {edition of 1003) is one of the most con- 
venient; and since it will Ix^ fre(]uently referred to in this text, its 
purchase hv the student is desired. This l)ook mav be obtained bv 
addressin«; the C'arnepe Steel Company at its offices in any of the 
larger cities. The cost to students has usually been 50 cents; to 
otJK rs, ?2.(K). 

Assuming an allowable unit-stress of IS 000 [wmnds per square 
inch on the extreme fibre, the section modulus re(|uired to withstand 
the lH'n<lin^ moment of 111 3()() pound-inches is: 

111 'M\{) . , 

Ix)oking in the Carnej^ie Han<lbo()k at column 11 on page 100, 

column 1 1 on pa^^e 102, and column on pap* 101, it will be seen that 

any one of the folio win<^ shajH\s will be sufficient : 

Olio 5-irR'h 1 I . /o-pound I-boam; 

Olio 7-inch \) 75 " chaiini'l: 

One 4i by .'i,^ by j'-'.^-inch Z-bar woijrhinp 17 1» pnunds per linear foot. 
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Instead of the 5-inch I-beam as given above, a G-inch 12.25- 
pound I-beam with a section modulus of 7 . 3 could lyo us^mI, and would 
be more eoonomicai, since it is less in weight; and it would also be 
stiffer, ainoe its depth is greater and its section modulus is greater. A 
oompariaon of the above weights shows the channel to be the most 
eoonomicai, since its weight is considerably less than either of the 
other two shapes. Channels usually make the most economical pur- 
lins; and for this reason no other shapes are usually inspected, the 
channels being used in the first case without being compared with 
other sections. Inspection of column 11, page 110, Carnegie Hand- 
book, shows that a 6 by 4 by |-inch angle could have been used for the 
purlin, since it gives a section modulus of 6.25. The weight of this 
an|^, 23.6 pounds per linear foot, shows it to be far too uneconomical 
to employ. 

EXAMPLES FOR PRACTICE 

1. Design the rafters when the total weight of the snow and roof 
eovttringifl 30 pounds per square foot, and the purlins arc spaced 15 feet apart. 
Uss 1 000 pounds per square inch as the allowable unit -stress. 

2. Design the purlins if the trusses are 12 feet center to center; the 
purlins are spaced 8 feet apart; the roof covering, which weighs G pounds per 
■qoare foot, is laid upon 1-inch yellow pine sheathing resting directly upon 
the purlina; and the snow load is 10 pounds to the square foot of roof surface. 
Use 18 000 pounds per square inch as the allowable unit-stress, and use a 
rtli^titijil for the purlin section. 

7. Bracing* In order to keep the roof trusses erect, bracing 
is employed to join together their top chords and also their bottom 
chords. TTiis bracing may consist either of small round or square 
rods, or it may consist of angles. The latter is the best pnictioe, 
^noe it gives great rigidity to the structure; and in fact it should Ix" 
used in all cases where machinery of any kind is attached to the 
trusses. One disadvantage of the rod bracin^i: is that good connec- 
tions with the trusses are usually difficult. Tlu» bracing l)et\veen 
the k)wer chords is lighter than that between the top chords, sinct* 
its office is merely to prevent vibration, while that iK'twc^en the upper 
chords must take up the stresses caused by the wind blowing upon the 
ends of the building. The stresst*s in each of these classes of bracing 
can only be approximately determined; and for that n^ason it lias 
become customary to determine their sc^ction by judgment ••atluT 
than by computation. For lower chord bracing, single angles 3 by 
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Upper Chord Bracinq 



2 by I'j-inch are recommended; and for upper chord bracing, 3 by 

3 by i^e"ii^ch angles should Ix* used. 

It is not customary to place bracing between each pair of trusses, 
but to place them between each alternate pair or between every third 
pair of trusses. Fig. 23 shows several ways in which the bracing may 
be inserted. 

8. Economical Spacing and Pitch of Trusses. The term pitch 
which has been used in the preceding pages is the fraction obtained by 
dividing the span into the height of the truss at the center of the 

span. For example, if a truss has 
a span of 60 feet, and a rise of 12 
feet at the center, it would be 
said to have a pitch of ^; if the 
rise were 15 feet, the pitch would 
be J; and if the rise were 20 feet, 
the pitch would be J. The pitch 
of a truss is seldom expressed in 
degrees by giving the angle that 
the top chord makes with the 
horizontal. One exception is 
very common. It is to use the 
30° pitch. This has the advan- 
tage of making the height of the 
center equal to one-half the length of one side of the top chord — a 
fact which lends itself to ease in making the shop drawings. 

The maximum or minimum allowable pitch for any given roof 
depends to a gn»at extent upon the class of roof covering employed. 
For pitches rc(]uired for any given class of roof covering, see Article 
5, p. 0. It might he noted that most of the patent roofings, or any 
roofing in which tar or asphalt is an ingredient, should not be laid 
upon roofs with a pitch greater than J or J; while most of the cover- 
ings which consist of steel or clay products rc*quiri» pitches of 5 or over. 
Pitches varying from 1 to J have very little eft'ect upon the weight 
of the trusses. This is true only for trusses with horizontal lower 
chords. If the lower chord is cambered — that is, raised above the 
horizontal position — it greatly increases the stn^sses in the truss, and 
consequently the weight of the truss. The gn^ater the caml)er, the 
greater the weight of the truss, the pitch rc^maining the same. If the 




Lookirvj Upward - The Lower Chord Brocinq 

Fig. 23. Methods of Inserting Bracing 
between Trusses. 
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camber is constant, then the greater the stn\sses (and eonse(|uently 
the weight of the truss), the smaller the pitch. It is advisable not to 
camber the lower chord unless it is positively necessary. A caml)erof 
5 per cent of the span will increase the weight of the truss fn)m 10 to 
40 per cent, according to the pitch. 

Taking all things into consideration, a pitch of J or J is to he 
preferred over that of J or less, since, after the pitch lx*comes less 
than 5, the weight of the truss increases quite rapidly, the span l)eing 
constant. 

For any given roof, there is an economical spacing of the trusses. 
As the spacing of the trusses increases, the weight of the purlins and 
bracing per square foot of area increases, while the weights of the 
trusses, the columns that support them, and the girts, or members 
which run from one column to the other and on which the siding of the 
building is placed, decrease. The most economical spacing of the 
trusses is such as \\all make the cost of the above quantities a mini- 
mum. It is evident that this spacing for trusses which rest upon 
niasonry supports will be different from the spacing in case they rest 
upon steel columns. Attention is called to the statement that the 
sum of the costs, instead of the sum of the weights of the a!x)ve- 
mentioned quantities, should l)e a minimum. This is due to the fact 
that the unit-cost of the purlins is considerably less than that of the 
trusses, it being in some cases only about one- half. 

The spacing of trusses is sometimes governed by local conditions, 
such as the placing of the machinery in the building and the probable 
position of future additions. Considering the spacing from a purely 
economical standpoint, it is probably well to space* trussi^s about as 
indicated in Table V. 

TABLE V 
Spacing: of Trusses 





Span, is F 


KKT 




Spaciso. i\ Fkkt 




10 to 30 




1 

1 


12 




liO to 60 








15 




60 to 75 








20 




75 to 150 








21 to 25 



The spacing indicated in Tablo V is for triangular roof trusses of ('(jual size 
and span. For other conditions —such as when tlu' main roof consists of 
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one span, and tl»o 8i<lo roofs consist of different spans and difTerent cla^sses of 
trusses — the economical spacing may be somewhat different, and is usually 
less. 

The best method of determining the economical spacing is either 
to make a comparative design or to consult the back volumes of 
The Engineering Record, Engineering News, or some other good 
engineering periodicals. Designs of buiklings which have been con- 
stnicted are fnH]uently given in these periodicals; and from these the 
student may, in addition to the spacing of the trusses, obtain much 
other valuable information regarding roof construction. 

Bulletin No. 16 of the University of Illinois Experiment Station 
gives a systematic study of roof trusses, and shows the effect on the 
variation in the weights of rafters and puriins due to a variation in the 
length of span. This bulletin, which can l)e had free for the asking, 
should Ix* in the hands of the student. It may be had by addressing 
**The Director," Engineering Experiment Station, University of 
Illinois, Urbana, Illinois. A most valuable book giving a systematic 
and extensive study of roof trusses and mill buildings, is "Steel Mill 
Buildings," by M. S. Ketchum, Engineering News Publishing Com- 
pany, New York, N. Y. 

0. Stresses in Roof Trusses, and Sizes of Members. Stresses in 
n)of trusses of any form can Ix* computtMl by the methods of "Statics" 
(pp. 23 to 73). On account of the ease and economy of manufacture, 
some form of truss is usuallv used in which there are many memlx*rs 
with v(\\\'d\ stresses. The Fink truss, or some modification of it, is 
ahnost universally use<l (see Fig. 1 , c, r/, r, f). On pages 21 and 22 are 
shown some forms of trusses, together with the pitches which are 
connnonlvused. 

'^riie str(\ss<\s in the various memlKTs due to a vertical panel load 
of one jmuukI are given. To obtain the stress in that niemlxr due 
to any other vertical |)anel l()a<l, multiply the stress hen^ given by the 
vertical panel loa<l. 

For example, if the stressc\s in UJj^ (Fig. 24) or L^L^ (Fig. 31) 

due to a panel load of 3 (KX) jx)unds, were required, they would be 

determined as follows: 

U, L^ a^'ig. 24) 3 000 X - 1 .73 = - 5 190 pounds. 
Lo L, (Fig 31) 3 000 X + 5.00 - + 15 000 pounds 

These diagrams are esjx^cially useful, since it is the custom of 
many engineers not to compute the stresses due to wind, snow, and 
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Fig. 30. Fig. :n. 

AnalysiH of Sin.'sses in Various Mi'inbtTs of F'iuk Truss I»u«' to ruit-Loails. 
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Analysis of Stresses In Various Mi-nilieri 
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(lead weight of roof trusses and coverings, but to compute the stressc»s 
due to a dead panel load caused by 40 pounds per square foot of 
horizontal projection. The stresses resulting from this procedure 
are very neariy equal to those produced by considering the various 
loads — as snow, dead load, and wind — separately or together. Wlien- 
ever differences occur, they are on the safe side, except as noted below, 
and in the next article, in case of the stresses produced by the use of 
knee-bracing. 

The panel load to be used when 40 pounds per scjuare foot of 
horizontal projection is considered, may l)e computed from the formula : 

40 X « X ^ 



P = 



n 



in which, 



a= Distance between trusses, in feet; 

/ = Span of truss, in feet; 

n = Number of panels in top chord of truss. 



For example, let it be required to compute the panel load P for 
the truss of Fig. 24 when the span is 70 feet and the distance* Ix^tween 
trusses is 16 feet. Here a = 16; / = 70; and n = S. 



P = 



40 X 16 X 70 

8 



= 5 600 pounds. 



The truss would then be computed for a vertical panel load of 5 (iOO 
pounds, and the meml)ers designed to witlwtand the stn\sses thus 
obtained. 

This method is applicable 
to all spans up to 100 feet when 
the truss is svt on masonry walls 
(or steel columns built in mason- 
rj' walls) and the roof covering is 
of corrugated steel or any of the 
ordinary materials. When* clay 
tile or slate art* used, oO pounds 
should be taken; and in case of 

concrete slabs, 6') pounds would be alK)ut right. It is U'tter practice 
to compute the stresstvs due to wind, snow, and dead loads when 
clay tile, slate, or concR*te arc* used. 

In cas€\s where the roof tru.ss is placed on steel columns and is 
connected with the column bv a knee-braci* at the first joint (see 
Fig. 30), stresses caused by the overturning action of the wind take 




Fig. 39. 



Allowauce for .Stresses 
Diieto Wiiiil. 
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placi* in those mcmlKTS shown hv heavy lines. In tins caso the 
stresses caused l>_v -11) |mmiik1s per s<|uare foot of horizontal pn»jer- 
tion an- not larj?- enough; Imt the tniss wiH be safe onough if the 
stresses as detcmiiiie<i liy the 40 ]x>un(ls are incivase*! by the 
amounts indicated in Fig. 39. 

Forexample, letthe truss of Fig. 24 be supported by .steel columns 
and knee-bracing. I,et the span W 00 feet, and the distance l)etween 
trusses 16 feet; and let it I>e re<|uired to compute the stresses in Z,, 
L\ and L^ U,. Here P= (40 X 10 X 60) -^ 8 = 4 800, and the stres.scs 

will l)e: 

L, V, (0 sr X 4 800) X 2 - 10 = + HSaO pounds, 
L^ U, (2.60 X4Sl)0) X 1.50 = +18 700 pounds. 

In addition to 
the alxnc condi- 
tions, shafting, 
heating appara- 
tus, small cranes, 
and electric wir- 
ing and other con- 
ductors are often 
attiiehed to the 
lower eliDpd of tlie 
tniss. These eause 
adilitiiinal strc.s.s- 
e.'<. The case is 
that of a coiKvn- 
trated load or 
liiad.s at tlie lower 
eliord, and the 
stresses may l>e 
computed by the 
methods pven in 
"Statics." 
Fnr e.\aiii|>le. let ;i .">-tnri hoist be connected as .shown in Fig. 40 
Tlii.-^ hnist runs l'in;;iliidiiiiiily of the .sliop, or |)erpendieularly t() the 
pliiitr nl' ihc ronl' iriiss. Tlie niii\iniuni .stress in the truss due to thi.s 
cause will nccnv ulii-ii (he hoist is directly U'Ucath the tniss. The 
s(iv,-,M.s will \h- dinsccaLiscd by m load of 10 000 pounds at the second 
panel |»iitit of iln> lower chord. Fig. 10 gives the sln-ssdiagram for 
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TABLE VI 
Hoist Stresses In Fink Truss 



Member 


Stress 


Member 


Stress 


L0U4- 


-15 350 


LzU4. 


+ IZ500 


LoLz 


+ 13 700 


U4L0 


- 6 900 


L'z Lb 


+ 6 100 


All Others 






this condition, and Table VI gives the stress record. From this it is 
seen that the hoist does not affect all memlxTs of the truss. The 
stresses due to the hoist should be added to those caused by the 40 
pounds per square foot of horizontal projection, and the member 
designed accordingly. Of course, if the stress caused by the hoist 
decreases the stress caused by the 40 pounds, the member must be de- 
signed for the stress due to the 40 pounds. 

Note that concentrated loads, as in the case of the hoist, cause 
different stresses in symmetrical meml)ers on the two sides of the 
truss. In the final design, the memlx^rs are made the same, being 
designed for the greatest stress. This is done for the sake of economy 
in manufacture; and besides, it might l>e desirable to change the 
hoist to the other side of the truss. 

For Fink trusses with pitches of from ^ to J, and spans of less 
than 100 feet, very light angles are usually required for the members, 
unless heavy, concentrated loads are placed on the lower chord. The 
thickness of the connection plates is seldom more than I inch, the top 
chord angle seldom greater than 5 by SJ-inch, the lower chord angle 
seldom greater than 3 by 3-inch ; and the web meml>ers are itsually 
composed of angles either 2 by 2-inch or 2\ by 2iinch. It appears 
to be the rule, in present practice, to make the sizes such that the 
thickness shall be J or j-^ inch. Connection plates for spans up to 
60 or 70 feet are usually J inch thick, except in the case of that 
at point Lq. 

The stresses in knee-braces depend upon the height and also the 
width of the building. The stressivs may be computed according to 
the methods of the next article, and the knee-bracing should be 
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ligDcd accordingly. The inspection of a number of plans seems to 

idicate that the sizes of knee-braces vary from two angles 2J by 21 

ty 1-ineh for spans of 30 feet and a height of tiuildini; of 35 feet, to 

two angles 4 by 3 hy fV'nch for a sjian of 70 feet and a height of 

luilding to the top of the truss of 75 feet. 

In case of roof trusses with the chords nearly parallel (see Fig. 

p. 2}, the stresses, on account of the small depth, are usually 

quite large, and much heavier members than almve mentioned are 

refjuircd. In some cases, 6 by 6-inch angles with S-inch plates are 

used, and connection plates of 3 to i inch are common. 

In cases where the trusses are subjected to tlie action of corrosive 
:, the thickness of the mcml^ers should be made greater than that 




Fig. 4). Kcndin); Teudtmcj, EodB Free. Flic- i1- BeuUlUK Tvnitcocy. EDd^ KUcd. 

required by the design alone, since corrosion will decrease the section 
consideraVil)', and this should be allowed for. 

10. The Steel Truss-Bent. When a truss is connected to steel 
columns at its ends and by means of knce-hraciiig (see Fig. 39), it 
forma ^what is called a steel iruss-betU. The stresses in the truss 
due to the roof covering and snow loads are the same as when it is 
supported by a niasonrj' wall ; but the wind stresses are different. The 
wind blowing on tlie roof and also on the sides of the buiklhi^, causes 
stresses in the truss. The wind on the building is transfem.-d to the 
eohimns, which, by means of the knee-braces, cause stresses in the 
truss. The whole bent fends to l)end as shown in Fig. 41 if the ends 
of the columns rest on masonry pe<Iestals. If the ends of the columns 
arc securely bolted to heavy masonry pedestals so that the ends of 
the post wilt remain vertical, they will tend to bend as shown in Fig. 
42. In the first case, the overturning is resisted by the bendingof the 
post as shown at b and b' (Fig. 41) ; in the second case, by iK-nding as 
at b. c, b', and e' (Fig. 42). Since the post is the same size tliroughout, 
and the bending caused by the wind the same in both cases, the bend- 



ROOF TRUSSES 



27 



ing moment in the post at b and b' (Fig. 41) is less than what it is at 
b and b' (Fig. 42), as in the first case there are only one-half the num- 
ber of points to withstand the total bending that there are in the 
second case. 

The wind blowing on one side of the building causes a compres- 
sive stress in the column on the leeward side (the side opposite that on 
which the wind blows) and a tensile stress in the column on the vrind- 
ward side (the same side on which the wind blows). It also creates a 
bending moment as 
men tioned above ; 
and this, as well as 
the direct stresses^ 
must be taken into 
account when the 
post is designed. 
The case is that of 
a member under 
direct compression 
and bending at the 
same time. 

The stresses in 
the knee-braces and 
the columns, and the bending in the columns when the ends of the 
posts are not fixed, may be computed from the following formula?, in 
which, 

W = Total wind load pcr|)endiciilar to the roof; 

Wh = Horizontal component of W; 

IVv = Vertical component of W; 

If, = Total wind load on the side of the building; 

w = Unit wind load normal to the roof; 

Wi = Unit wind load normal to the side of the building; 

a = Distance between trusses, in feet. 

These and other characters are shown in Fig. 43. 




Fig, 43. Notation for Formula*, Ends Free. 
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St^^— — = v, 

5bc= + -^ i=F, 



5.'b' = - 



H.h 



II, h - W, 



*S.b= + 



Bending moment at 6 = ^, — PT, ( ^ — m) 
Bending moment at 6' = H^n. 

The stresses in the truss caused by the wind are the same as if 
it were under the action of the normal wind load If'', and in addition 
two concentrated loads equal in intensity and direction to the stresses 
in the knee-braces and at the same point of application, and two 

forces Ej and E^, which may be 
computed as follows: 

* m 




Fig. 41. Application and Direction of the 
Exterior forces. 



£,= 



//.«-"', (2 ■-»') 

ni 



For the points of application for these loads and for their direction, 
see Fi^. 44. The stresses can now lx» computed by the method of 
Statics. 

The diagram for such a truss-bent is given in Fig. 45. The span 
is 00 feet, the rise }, the distance l)etween trusses 16 feet; and the 
wind pressure is taken as 1(S pounds pvr stjuare foot normal to the 
roof surface, and 20 |K)unds per s(|uare foot normal to the sides. 
In this case, 7(; = 18 pounds; a =^ 10 feet; r =60 -r- 4 = 15 feet; w = 
20 |x)unds; h = 20 feet; n =^ 14 feet; m = 6 feet; and / = 60 feet. 
The length of L^U^ is readily computed to be 33.5 feet; L^ Lj, 9.1 feet; 
and e = 5 feet. The values of the quantities and stresses are c*om- 
puted as follows (see Fig. 46) : 

W = 18 X IG \^-S0' + 15^ = 9 650 pounds. 
W, - 16 X 20 X 20 = 6 400 pounds, 
irh - (0 650 4- :i:i.5) X 15 = l 320 pounds. 
U'v - (0 050 : .S3. 5) X 30 = S 650 p.)unds . 
II ^ = //, = (4 320 + 6 400) 4- 2 = 5 360 pounds. 
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Sah 



6 3«0 X 20-6 400 X 10 



+ 8 640 pounds. 



^a'f — = — 21 440 pounds. 



„ 6 360 X 14 



12 520 pounds. 



E, 



5 360 X 14 -6 400 X 4 ^.,,- . 
^ — = 8 240 pounds. 




The horizontal and verticaj components of the stresses in the 
knee-bracingshould 
now be computed. 
They are : 

For ab : horizon- <tf? 

tal, 7 240; vertical, kao b 
4 760 pounds. ^ 

For afi/: hori- 
zontal, 17 900; verti- 
cal, 11 800 pounds.' 

As a check upon 
the computations, 
the sum of the val- 
ues of £|, £,, and 
W^ should be equal 
to the sum of the 
horizontal compo- 
nents of the knee- 
braces. By sum- i 1 1 "^m-o 

mmg up the above pjg. 45, stress Diagram of Truss-Bent under Wind Load. 

values, it will be 

seen that they check by cSO pounds, which is less than . 4 of om* jkt 

cent and is a close enough check (sc*i* Figs. 4() and 47). 

To obtain the vertical reactions, proceed as with a siniph* truss. 
For /Jy take the center of moments at L^ (see Fig. 47). Then : 

R, - -^{8650 X 15 + 4320 X 7.5 + 4 760 X 9.1 -11 800 X (GO- 9.1)} 
— —6 514 pounds. 

The negative sign indicates that the reaction acts downward ; that is, 
the tniss must be riveted to the post at L^, or the end of the post 
would be lifted off the top of the column. 
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For /?p the center of moments is at L^, and the resulting 
equation is: 

^. = 2A -11 800X9.1 + 8650(60 - 15)-4320 X 7.5 4- 4 760(60 -9.1)[ 

- 4-8 180 pounds. 

The bending moment at b is: 

A/h = 14 X 5 360 - 1 X 6 400 = 49 440 pound-feet; 

and the bending 
moment at fc'is: 

Mv = 5 360 X 14 
=75 040 pound-feet. 

The forces in 
their proper di- 
rection are now 
placed on a dia- 
gram of the truss 
(Fig. 47), and the 
stresses are solved 
by the method of 
Statics. The stress 
diagram is given 
in Fig. 45, and the 
stn\ss ix»conl in 
Table VII. 

The above for- 
nuihe art* for cases 
when the columns 
are free at the 
lower end. WTien 
the columns are 
I not free, they are 




K5360 



5560 



Fig. 46. Position. Directum, and Intensity of Wind Forces. 

Ends Free. 




7Z40 



^ 



o 



t^ 




17 900 



"I \ 

Fl^. 17. r«)si!i ,11. Diivction. an<l Iiiton.sitv of Exterior Forces. 




called fixed] that 
is, they are sup- 
lK)si»d to Ik* so 
ti^litly coimcctcMl tliat tlu\v cannot move when the jK)st Ix^nds as 
.shown in Fi^'. 42. In such cases the result is the sjime as if the 
cohnnn.s were shortened hy an ainonut n -^ 2, and the following 
forinuhe result (see Fig. 4<S) : 
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TABLE VII 
Stress Record of Truss-Bent under Wind Load 



Member 


Stress 


Member 


Stress 


X-2 


-15 700 


9-10. 11-12 


+ 6 500 


X-3 


-15 700 


12-13,14 


-15 300 


X-6 


-10700 


Y-4 


+ 6 500 


X-7 


-10700 


Y-8 


- 1 900 


X-9 


H- 1 500 


Y-JZ 


- 9 600 


X-13 


+ 15400 


13.14-15 


- 1 300 


1-2 


+ 5 200 


I-Y 


+ 8 640 


2-3 


- 2410 


15-Y 


-2 1 440 


3-4 


+ 6 500 


A-l 


- 6 180 


4-5 


- 7 500 


C-15 


+ 6 514 


5-6 


+ 2 700 


b-C 


- 3 457 


6-7 


- 2410 


b'-c' 


- 5 193 


7-8 


+ 11 000 


9-I0-II 





6-9 


- 7 600 


13-14 






W- 


= wa -v/r^ 


+ (^)' 


w, 


= w^a(m 


.^rp 


//, 


— /I 2 


'h + w, 



n 



S.b= + 



//.(m4^)-ir.('"^^) 



iS»'b'= — 



WW /'" " X 



She— -\- 



. 3/ 



»> 1 ( r,- + \|- ) ^- '» h f m 4- ., 4 ., ) - n V - 



m // 



iSb'c' — 4 



E, = U; 



"'.^2 + 4-) ^ "'"^ 



Jl 



2m 



n r 

fn f ., 4- 



2 ^^"'^4 
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^ i/. 1- PT. (4 -- ^) 

* m 
Bending moment at 6 = A/i, = //» --- — W, (- . ^) 

Bending moment at h* = M\,' = H^ —^, 

For the truss-bent of Fig. 45, when the columns are fixed at the 
base, the stresses are the same as if the columns were shortened by an 
amount n -^ 2, as above mentioned. The bent would then appear as 
in Fig. 49, and the values of the various stresses and the quantities, 
together with their points of application, are: 

W = 18 X 16V30*+~15=' - 9 G50 pounds, as before. 

W, = 13 X 10 X 20 = 4 160 pounds. 

„ ,, 4 1(50 + 4 320 .^.„ . 

H, = llj = " 9 " - = 4 240 pounds. 

^ . 4 240 X 13-4 160 X 6 .5 ^.«,« , 

o.b = H z = +5 616 pounds. 

o 

„ 4 240 X 13 ,, _._. . 

OaM.'= — - - - = — 11 024 i>ound8. 

4 160 X 7 + 4 320 X 20.5 - 8 650 X 45 , ^ ^ , 

^i)c = -r 7^ = — 4 5 JO pounds. 



60 

X 

go' 



4 IGO X 7 4 4 320 X 20.5 4- S 050 X 15 . _, 
oi.'i/- — — = — 4 124 pounds. 



h, — ,. - 4 94/ pounds. 

h 

., .4 240 X 7 - 4 100 XO 5 . ^_. , 

t^ — - ,. -= 4 000 pounds. 

h 

Mu - 4 240 y 7 - 4 100 X 0.5 = 27 000 pound-feet. 

.U,y - 1 240 X 7 - 29 080 pound-feet. 

The stresses in the l^ent are then computed in a manner similar 
to thiit used when the cokmms are fixed, E^, E^, and the stresses in 
the knee-hraces l)eing attached to the truss as concentrated loads. 

Since in this case, -Ej, E^, and the stresses in the knee-braces are 
less than they are when the columns are free at the base, the wind 
stresses throughout the truss will be less when the columns are fixed 
than when thev are free. 

On account of the difficulty of fixing the ends rigidly, it is advis- 
able always to consider the ends free and to compute the stresses 
accordingly. 

The student is advised not to take the trouble of determining 
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the wind stresses in trusses of steel tniss-bents by the method given 
above, but to use the 40 pounds per square foot of horizontal 
projection and to correct the stresses as previously mentioned (s(*e 
Fig. 39). 

The formulae of this article giving the stresses in the knee- 
bracing and the bending moment in the columns, should be used in 
all cases, and the posts and knee-braces designed according to the 
stresses so determine<l. 

In cases where the 40 pounds per s(juare foot is used, the direct 
stress in each column is: 

40 X a X / 




d. 



--- H^ 



c'L^. 



Fig. 48. Notation for Formuluj. 
Euds Flxetl. 



and the column should be de- 
signed for this stress, together 
with the stress due to the bend- 
ing at the point where the knee- 
brace joins the column. See 
"Strength of Materials," pp. 85 
and 86. 

In case a crane is attached 
to either the truss or the column, 
the stresses due to its action must 
be considered in the design. 

11. Suspended Loads. Un- 
der this head come any loads 
w^hich may be suspended from 
the lower chord of the truss. 
The load may not be actually 
suspended from the underneath 
part, but may be placed above, 

and the connections so arranged as to bring the weight on the 
lower chord. This weight should preferably be concentrated at 
a panel point. In case it cannot be brought directly to the panel 
point, it may be distributed over a portion or all of the panel. In 
this case the portions distributed to the adjacent panel points are 
computwl, and they are, for purjX)ses of computation, considered as 
concentrated loads at the panel jK)ints. The sections of the chord 
over which these* loacls are distributed an» in the condition of direct 




Fig. 49. Position. Dirwtion, and Intensitj* 
of Wind Forc**s. Knds Fixed. 
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tension and bending, and must be flesigned for such stresses (see 
"Strength of Materials," pp. S5 and 86). 

The suspended loads may consist of small hand cranes; shafting 
for transmission of power; heating apparatus, such as steam or ho t-uT 
pipes ; water or compressed-air tanks ; or platforms on which stand the 
operators for the cranes or hydraulic lifts. Figs. 50 and 51 show 

trusses with vari- 
ous forms of sus- 
pended loads at- 
tached. 

12. Details of 
Roof Trusses. 
The spans of tri- 
angular roof truss- 
es of the Fink type 
are usually less 
than 100 feet, and 
the spans of roof 
trusseswith chords 
ncariy horizontal 
are seldom greater 
than 50 feet. For 
trusses of such 
:^pans the details 
are almost stand- 
ard. Since these 
spiins and tnisses 
constitute a large 
majority of those 
built, only the details of such trus.scs will \k con.sidered in this text. 
Where tmssi'S rest on masonry walls or on light columns in 
masonry walls, provision is miidc for expansion due tii temperature. 
For trusses up to 7h or S() feet, slotted holes are placed in the end- 
l)caring, and the l)iarinf;s rest din^etly upon another plate. Bolts 
are fastened to the mastmry, and extend upward through the slotted 
holes and have nuts on their ends. The nuts hold the tniss securely 
to the wall, while the slotted holes allow the liciiring to move Imekward 
and forward when the tem])eriiture falls or rises. Thr nhilied holes 
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should be J inch in length for every ten feet of span. The bolts should 
not be less than i inch in diameter, and should be buried in the 
masonry at least 6 inches. Fig. 52 shows details of an expansion 
bearing of this character. In case the span of the truss is greater 
than 75 or 80 feet, a roller or a 
rocker bearing is used. Figs. 53 
and 54 show details of this class 
of bearings. 

For convenience in refer- 
ences to the common Fink truss, 
the following notation will be 
used: the points in the upper 
chord are given the letter U, with 
a subscript corresponding to the 
number of the joint from the left 
end. The lower chord and in- 
terior joints are given the letter 
L, with a subscript correspond- 
ing to the number of the joint 
from the left end (see Figs. 24 to 
38). The advantage of this system of notation is that it enables 
one to refer to any particular joint by the use of the letter and its 
subscript, and its position will at once be apparent to the mind 

without the use of a fig- 
ure. 

If a truss rests on ma- 
sonry walls, three meth- 
ods of making the details 
atL^are in common use. 
These are shown in Figs. 
55, 56, and 57. The de- 
tail shown in Fig. 55 is 
the most commonly used ; 
but its use is not advised 
unless a sufficient number of rivets are placed in the members to take 
up both the direct stress and that due to the fact that the point of 
application of the reaction does not coincide with the intersection 
of the center lines of the chord meml>ers. 



2e - Allowance for Expansion 

Fig. 52. SIotted-Hole Expansion Bearing. 




« « 

Fig. !>3. Roller Expansion Hearing. 
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FIk- <*»(• Kocker Expausinn neariuf?. 

In case the l)earing shown 
in Fig. 55 is used, the number of 
rivets in L^ L^ may be calcu- 
lated from the et|uation : 

. J, 67?e 

JIT — nn — — . 

P 

in which, 

n = NiinilxT of rivets rc(iiiirod; 
V == Allowable stress on one rivet ; 
R ^ Vertical reaetion; 
p -= Rivet spacing, in inches; 
e ^ Distance as shown in Fig. 55. 




Fig. 65. 




Fig. 68. 




Fig. 57. 
Dtitalls of Ends of lioof Trusses. 



If the nuniher of rivets in //„ U^ is desired, it may be calculated 
from the (Hjuation: 



n-r — Sn — 



6.Se, 



in which iS is the stress in 7^,, (/,, e the distance shown in Fig. 55, and 
the remaining notation as above. 

If the point of application of the reaction coincides with the 
intersection of the center hnes of the top and bottom chords, the 
number of rivets re(|uircd to withstand the direct stress, which is the 
only stress would be e(|ual to the stress in that member divided by 
the allowable stress in one rivet. 



U- 



;l 



1. 



.^•.•.> 



■ I 

'i 

,1 
-il. 



\.;. 
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In order to illustrate the use of the al)ove e(|uation, and to bring 
out the fact that more rivets are recjuired when the point of applica- 
tion of the reaction does not coincide with the intersection of the upper 
and lower chords than when it does coincide, an example will l)e 
solved. ITie stresses, the thickness of the connection plate, and the 
distance of the point of application of the reaction fn>m the inter- 
section of the chonl, are as shown in Fig. 58. 

It will l)e assumed that the chonls consist of two angles each ; 
and since this is the case, the allowable unit-stress in one rivet will be 



V Plate 





Fig. 58. Data for Example on Pago 37. 



Fig. 69. Eave Detail for Fig. 57. 



3 750 pounds, the value of a J-inch rivet in l)earing in a [-inch plate 
when the allowable unit bearing stre.ss is 20 (KK) |K)unds j)er square 
inch. If the |K)int of application of the reaction coincides with the 
intersection of the two chonls, the number of rivets re(|uirt»il will be: 

For A, V, - -^- - 12.00 nvots. 
For L„ />. ..-«-^ = 10.07 rivets. 

Since the jx)int of application of the reaction does not coincide 
with the intersection of the chord, the numl)er of rivets rtHjuin*d in 
L^ (7j is : 



\\ 750 h^ - 45 000 n = 



6 X 45 O OP X4.44 
3" 



the spaicing IxMug '^ inches; dividing bv .'^ 750, we have: 

n' - 12/1 = 106 50. 
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Completing the square and solving for n, there is obttiiiK'd: 
n = e + I''l42.56 ■= 17.0, say 18 rivets. 

The number of rivets required in L^ L, is: 
;t 7')0 li' - 20 000 n = ^ 



6 X 20 000 X 10 



ir 



¥ 




ikI iliviiliiig l>y :i 7.'>() jiikI conipletiiifi tin- .s.|uari-. tlicre results; 



Ins|)ecti(»ii of tlie above results sliows liiiit wlieii tin- jMiint of 
application of ihe reaction is placed 10 inches fnini the intersection of 
the chonls, it re<]nires (i more rivets in the ii]»iht clionl and '.\ more 
rivets in the lower chorfl than would be retpiircd if the point of appli- 
cation of the reaction coincided with the intersection of the chords. 
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The detail just discussed is a very convenient one, and is very 
commonly use<l; hut in most cases no allowance is made for the 
additional rivets reciuinnl hecause of tlie fact that the reaction does not 
coincide with the intersection of the chord members. The student 
should always compute the rivets by the formula* given al)ove, since 
it is very evident that neglect to do so causes the joint to be exceed- 
ingly weak, in some cases as much as 50 per cent, as is shown in the 
case of Lq L^ in the alnwe pn)blem. 

Fig. 56 is excellent, but the length of the bearing plate, which 
should l>e as long as the connection plate, is liable to l)ecome grejiter 
than the width of the wall. In such cases the detail shown in Fig. 
57 is to l)e used. The objection raised to these details is that the end 
connection plate prevents the placing of a purlin near the end of the 
roof truss. In case sheathing is used, this objection does not hold 
gooil, since the overhanging sheathing will reach to the end of the 
truss and form a go(Ml eave detail, as sho^\^l in Fig. 50. 

When the roof truss rests on steel columns which are (H)m|)os«l 
of latticed angles, the connections may l)e made as shown in Figs. 
GO and 61. Fig. 60 is preferable, because it gives a more rigid con- 
nection than is given l)y Fig. 61. If the columns consist of two panels 
placed close together, back to back, the same details may l)e used. If 
the column c^onsists of one I-beam or of two channels placed l)ack to 
back at some distance apart, then details shown in Figs. 62 and 63 
may be used. 

\Miere one member is joined to another and makes an angle or is 
perpendicular to it, then details as shown in Figs. (U and 65 may be 
used. It is not gcMnl practice to cut the angles as shown at h in Fig. 
65; a is a better detail. No joints should have less than two rivets. 

In places where three members meet, and two make the same 
angle with one of the others, the details should be made tus shown in 
Fig. 66. The leg of the angle which is not joined to the plate should 
always be upward. This prevents the dust and dirt fn)m Incoming 
mixed with the moisture and running or jarring down into joints at 
the lower ends of the members. 

At /vj and L3, s(|uare plates (stv at left, Fig. 67) should Ix* used 
where possible. If the stn\sses an* such that more rivets ixrv recpiired 
in one memlxT than in the other, then the plate should Ix* cut as 
shown at right hi Fig. 67. 
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At Z.J tlie s|ilice wciirs; since Fink trusses are usually shipped 
in two parts. In addition to the vertical connection plate, which 
also acts as a splice plate, the Iwtlom plate is used (see Fig, CS). 
Rivets shown in black indicate that the holes are left open, the pieces 
in which they occur are shipped separately, and then are riveted 
together at the place where the truss is put up. 

In some iiises where the member L^ L^ is long enough to sag 




considendily, or where it is desired to ciMiiicct ii loud (such as a hand 
hoist) at its center, a vertical f ', ,1/ is run fnmi (\ anrl cfnnuTteil to 
the lower chonl. Xo stress is (■iins('<l in this niendH-r by any load 
exc-ept the load at -1/, in wliicli case the stress is Cfjual to that load. 
If a Iliad is at il, it will cause stn'sscs in other members of the truss, 
the stresses in the tniss Iicing thesanieiis if the dead jhiiiel load at 
U^ were iiun-ased by iin amount efpial to the load jit M. 
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The general details of a Fink truss are shown in Plate I (p. 43), 

Plate II (p. 60), and Plate III {p. 61). 

In case the building is devoted to some purpose wherein no 

smoke or noxious gases are produced, some form of patent ventilaior 

may be used. One very 

excellent make is shown 

in Fig. 69— called the 

Slar ven tilator ( Mer- 
chant & Co., Philadel- 
phia, Pa.). These ven- 
tilators are made from 2 

to 60 inches in diameter 

at the lower portion, 

where they fit to the 

ridge of the roof. Fig. 

70 shows one of them in 

position on a roof. The 

number and size of these 

ventilators depend of 

course upon the number 

of times per hour it i.s desirable to change the air in the shop. 
In case the shop is for sticli pur|>ose.s that smoke, gases, or noxious 

fumes of any kind are produced, it is desirable to have some channel 

for ventilation 
which i.s consider- 
ably larger than 
those given by the 
patentventilators. 
In such cases the 
ventilation is usu- 
ally obtained by 

a small house- 
Fig. «. Details <>fSlar''VemHiiitirs. , , 

shaped construc- 
tion called a lantern, monitor, or ventilator (see Fig. 71). The sides 
of these ventilators may be fitted with louvres or windows, or left 
open. Ivouvrcs may Ik; made either of wood or of comigated or 
plain bars. For details of monitors and louvres, see Figs. 124, 125, 
■ I26w 




H(X>F TRUSSES 




Di'Uiluf Wlndov 

Knnl. 

In iii>Ut tu iidniit sufficinil 
:lit into llie liiiildin^, jNirt of tlie 
nmf (if Imililiiigs over 80 feet 
wide must Ik* inadt' of glass, since 
llii' iiinoitnt i<r 1i;t]it a<liitittc(I fn>in tlio sidfa of the building is 
not Mitlicicnl lo lifilit lip lliost- jmrfs of the shop nwir the cpntcr 
of (lie (nisM-s. In some eases the sJlw-loothe<J truss is used, in 
wliieli ease tlie entire surfaee of the sh()rt rafter is covered with glass. 
Ill ease the ordinarv triangular niof truss is used, a portion of (he 
rtiof covering must he made of glass, so put on as to prevent leakage 
and also to prevent the moisture which forms on the under side of 
llie glass from dropping in the shop. Fig. 72 shows the glass in 
place on a saw-tiwllierl roof; and Figs, 73 and 74 give the details of 
several methods of securing glass on the roof so that no leakage or 
condensation will get onto the shop floor. The glass area should be 
from iV to J of the floor area. 

V.i. Specifications for Roof Trusses and Sleel Buildings. In ease 
of an important structure, special specifications are written, enabody- 
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TABLE VIII 
Allowable Unit-Stresses, Medium Steel 

For Shear 10 000 pounds per wiimre inch. 

For Bearing 20 000 

For Tension. .^ 15 000 " " 

For Bearing of Steel on Masonry 250 to 400 " " " " 

For Compression P = 24 000 - 1 10 - . 

In case the stresses are those due to crane loads, the unit-stresses in 
tension and compression indicated in Table VIII should be reduced J and i 
respectively. Members of the lateral bracing and their connections may be 
allowed an increase of 25 per cent over the unit-stresses there indicated. 

In the equation above given "For Compression/' / is the length of 
the member in inches, and r the least radius of gyration. The ratio 

of - should never be greater than 120. 

r 

ITie (jaugr line or gauge is the line on the flange of a shajK*, on 
which the rivets are placed. In angles and channels it is locatixJ by 

Gaqe^ 

t! 1° ° ° ° ° °i 1 I <^^ t I 

^ Double Goqe ^ ^-xlt- 

Sinqle Goqe II ^ '^ . i J|^ 

Fig. 75. Gauges for Angles, Channels, and I-Deams. 

giving its distance from the back of the shape; in the case of I-l)eams 
the distance between two gauge lines on opjwsite sides of the web is 
indicated. Some angles have double gauge lines, in which case the 
rivets are placed first on one and then on the other; this is called 
staggering. Fig. 75 shows gauge lines for various shapes. 

Rivets 4 inch in diameter are generally used in legs of angles 3 to 
4 inches long or greater. For the gauge lines and the maximum sizes 
of rivets to he used in angles, see Table IX. For similar data for 
channels and I-l>eains, see Carnegie IIandbcK)k, pp. 177 IK'S. 

It is often desirable to express the length in feet instead of inches, 
in which case tlir formula becomes: 

P ^ 21000 - 1 320 -. 

r 
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TABLE IX 
Gauges and Maximum Allowable Rivets for Angles 



rr 





.9' 19* J 








Maxi- 






Maxi- 






Maxi- 


L 





MCli 

RiVKT 

OR Bolt, 


L 





mum 

Rivet 
OR Bolt 


L 





mum 

Rivet or 
Bolt 


8 


^ 


i 
I i 


3i 


2 


i 


2 


n 


i 


7 


4 


* 1 


3 


li 


i 


11 


1 


i 


(> 


:U 


7 1 
** 1 


23 


If 


i 


U 


I 


% 


5 


3 


7 ' 


^i 


l8^ 


i 


11 


i 




4 


-4 


i 

<1 


21 


u 


.5. 

8 


1 


A 


1 



L 

S 
7 




f/i 



f/a 



1 


3 


2V ' 


3 


2i 


2,^ 




0* 
5 



f/i 



17a 



2 V 



1} 



♦ When thickness is 3 inch or over 

For coiivenionco in designing, the valnes of L -^ r should l»e plotto<l 
as ordinates, and the resulting values of P as ahscissie, on cross- 
seetion paper, and the rurv(» drawn in. Then the value of 
P for any given value of L -^ r may be taken at onee from 
the diagram without the lal)or of substituting in the above 
formula. 

The bearing value of a rivet in a plate of given thiekness is equal 
to the thickness of the plate, limes the diameter of the rivet, limes the 
allowable unit bearing stress. The value of a rivet in single shear is 
equal to the area of the cross-seetion of the rivet, times the allowable 
unit shearing stress. The bearing values of rivets of diflFerent diam- 
eter in plates of different thiekness, and the shearing values of 
rivets of difl'enMit diameter, are given in Table X, the unit-stresses 
being as given above. 
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TABLE X 
Bearing and Shearing Values of Rivets 



Diameter 

OF Rivet 


Single Sheaji 

(at 10 000 lbs. 

persq. In.) 


• 

Bearing in Different Thickneahes of Plates 
(at 20 000 lbs. per sq. in.) 


(Inches) 


i in. 


A in 


lin. 


,'. in 


iin. 


A in. 


lin. 


liin. 


i 
* 
i 


1 960 

2 480 

3 070 

3 710 

4 420 

5 180 

6 010 


2500 
2 810 
3130 
3440 
3750 
4070 
4 380 


3130 
3520 
3910 
4 290 
4 690 
5080 
5470 


3 750 

4 210 

4 690 
5160 

5 630 
6090 

6 570 


4 920 

5 470 
6010 

6 560 
7110 

7 660 


6 880 
7500 
8120 
8 750 


8440 
9150 
9 840 


10160 
10 940 


12 040 



DESIGN OF A RIVETED ROOF TRUSS 

14. Let it be required to design a Fink roof truss of 64 feet span 
and J pitch, the distance between trusses being 16 feet. The roof 
covering is taken as 12 pounds per square foot of roof surface, and the 
total snow and wind load will be taken as 30 pounds per square foot 
of horizontal projection. The weight of the steel in the roof truss 
will be computed from Merriman's formula (see Art. 4, p. 0). The 
total weight is now found to be: 

Weight of truss, -?- X 16 X 64 ( 1 + -rjr) «= 5 580 pounds. 



4 ' 10 

Weight of roof cover, 35.6 X 2 X 16 X 12 
Weight of wind and snow 64 X 16 X 30 

Total 



13 650 pounds. 
30 700 pounds. 



49 930 pounds. 

Each apex load is therefore 49 930 -^ 8 = 6 240 pounds. By 
multiplying this value by each of the stresses as given in Fig. 25, the 
stress in each member is computed as follows: 

Lo r/, = 7 . 83 X 6 240 = 48 800 pounds 
Lo L, = 7.00 X 6 240 = 43 700 " 
r/, L, = 0.89 X 6 240 ■--- 



5 5S0 

r/, U,, = 7.38 X 6 240 - 46 000 
L, U, and U, L, = 1 .00 X 6 210 - 210 






U = 



L, = 



6.00 X 6 240 = 37 450 
1.79 X 6 240 = 11 150 
l\ = 6 . 93 X 6 240 = 43 200 
L, = 4.00 X 6 240 = 24 950 
, /.3 = 2.00 X 6 210 = 12 475 
r, />, - 0.80 X 6 210 - 5 580 
L, U, =-- 3.00 X 6 240 - 18 725 
U^ U^ =. 6.48 X 6 240 = 40 500 
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In the design of this truss, no material thinner than |-inch, and no 
angles sn^aller than 2i by 2-inch, will be allowed. 

Fig. 76 shows an outline diagram of the truss, with the stresses 
placed upon it. A positive sign signifies a tensile stress, and a negative 
sign signifies a compressive stress. The length of the top chords is 

V 32* + 16' = 35.6 feet; and the 
length of each panel is } of this, 
or 8 . 9 feet. The horieontal pro- 
jection of one panel is { of half 
the span, or 32 -h 4 = 8 feet. 

Design of the Purlins. The 
distance between the trusses is 
16 feet, and the distance between 
the purlins is 8.9 feet; therefore 
the load coming on one purlin is: 




Fig. 70. Stresses in a Fink Truss. 



Roof covering, 8.9 X 16 X 12. = 1 710 pounds 
Snow anil wind, 8 X 16 X 30 = 3 840 * " 



Total = 5 550 pounds 

This should l)e resolved in two components, I' and i/, perpendicular 
and parallel to the truss ehonl. These are determined by the pro- 
portions of similar triangles, as follows: 

r : 5 550 :V2 : ;i5.6 

V - 5 080 pounds. 
// : 5 550 - 16 : 35.6 

// =- 2 490 pounds. 

The bending moment caused by V is M, = (5 080 X 16) 4- 8 = 
10 100 pound-feet. The bending moment caused by // is Ms = 
(2 490 X 16) -^ 8 = 4 980 pound-feet. The stress caused by V is = 

' ; and the stress caused bv // is ^—^, — ; and there is also the con- 
/ • /' 

dition that the sum of these two stresses shall not be greater than 
15 000 pounds. Since the above formula involves the moment of 
inertia and half the depth of the beam, a beam must be chosen, and 
its moment of inertia and half-depth substituted in the above equa- 
tion, and the ecjuation solved- In case the sum of the stresses is in 
excess of 15 (XX) pounds, or very much smaller, a re-computation must 
be made, using a larger or a smaller beam. 
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A 15-inch 42-pound I-beam will be assumed, and will be examined 

to see if it fulfils the necessary conditions. The value of / and /* are 

15 
taken from the Camegie Handbook, p. 97. The value of c is — ^ 

5.50 . 

7 J in the first case, and - = 2.75 in the second case. The 

quantity 5.50 is the width of the flange of the I-beam. Substituting 
in the above formula, there results: 

10 160 X 12 X 7i ^ 4 980 X 12 X 2.75 ,_ _^^ , 

iiTTs ^ 14762 = '^ ^^^ P^""^« 

TTie above I-beam could be used; but in case the sheathing is laid 

closely and nailed tightly, we may consider it acting as a beam of a 

span of 16 feet, 8.9 feet deep, and of a thickness ecjual to that of the 

sheathing, which in this case will be assumed as li inches. The 

sheathing will then take up the moment caused by the force //; and 

the purlin will take up the vertical bending moment alone. The 

M c 
stress in the sheathing due to the force // is - " . Here M = 

4980Xl2;c = 8.9Xl2--2;and/= I ^- ^^-^><_^ ?!' . Therefore, 

Q 4 980 X 12 X 8.9 X 12 X 12 
2"X r.5(8.9 X 12)^ 

» 20.95 pounds per square inch, which is insignificant. 

The vertical bending moment takenupby the purlin is 10 160 X 12 = 
121 920 pound-inches, and this recjuires a section mcKlulus of 121 920 
-r 15 000 = 8. 14. By consulting pages 101 and 102 of the Camegie 
Handbook, the following is found to be true: 

An 8-inch 11.25-pound channel is just too small. 
A 7-inch 17.25-pounii channel gives the nearest section modulus. 
An 8-inch 13.75-pound channel would be lighter and stifFcr. 
A 9-inch 13.25-pound channel would be still lighter and stififer; and 
since it weighs less than any of the others, it will be more economical. 

A 9-inch l3.25-poun(l channel will accordingly Ix* used for the 
purlins. 

On account of one half-panel load coming on the purlin at the 
ends and ridge of the truss, these purlins must theoretically be only 
one-half as strong as the other; but, on account of the fact that all 
purlins must be of the same height, these purlins arc* made of the 
lightest weight channel of the same height as the others. In this 
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case it liap|)ens that the lightest weight IVinch channel is re(|uire(l for 
the intennediate purlins as well as for the end ones. To illustrate 
the above, suppose that the purlins were recjuired to be lO-inch 25- 
jx)und channels, then the end purHns would \>e made of 10-hich 15- 
ixnnid channels. 

In Ciise sheathing is not used, then some other method must l>e 
employwl to take up the l)ending moment due to the force //. The 
usual methcxl of doing this is to Iwre holes hi the c(*nter of the purlins 
at the middle \yo\ut of their span, and to connect them with ro<ls 
which nm fnmi one eave up over the ridge and down to the other eiive 
(scT Fig. 22). 

Design of Tension Members. For Memhrr L^ L^i The rc- 
quirtnl net area is 43 700 ~ 15 000 =^2.92 square inches. By con- 
sulting the Caniegie IIan(nK)ok, p. IbS, it is seini that two 3 by 3 
by ,^y-iiich angle\s give a gmss ar(»a of 1.7^ X 2 == 3.50 scjuare 
inches. From this must b(» subtracted the rivet-hole made by a 
J-inch rivet. Since all rivet-holes are punche<l J inch larger in diam > 
ter than the rivet, the amount to be substracted from the alx)ve 
gross area is /'^ X (J + J) X 2 = 0.54, there l>eing two rivet-holes 
taken out of the section. This gives a total net area of 3.50 — 0.54 
- 3.02 square inches. As this is but slightly larger than the re- 
(juired net area, these angles will be usixl for this member. Since 
the stress in this member is the greatest stress in the lK)ttom chonl, 
and since the bottom chord is made of the same section up to the 
splice at A^, on account of economical constructicm, it being cheaper 
to run the same sized angle throughout than it would be to change 
the sizt* of each panel and make a splice at each panel point, the size 
of angle as determined above will be used for the first two ))anels of 
the bottom chord at each end. 

For Member L^ Lr, The required net area is 24 950 ~ 15 000 
= 1 .07 square inches. From Carnegie Handl)()()k, p. 1 15, two angles 
2\ by 2 by {-inch give a gross area of 2 X 1 00 ^2.12 s(piare indues; 
and taking out two J-inch rivets, the net area is 2. 12 — } H + J) X 2 
--- 1 .74 s(juare inches. This coincides very closely with the re(|uir('d 
area, and this angle will be used. Even if this angle should have 
been in excess of the recjuirt d area, it would still be necessary to 
use it, since it is the sinallest angle and of the least thickness 
allowed . 
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For Mcmhrr L^ U^: llic rcKjuired net urea is IS 725 -^ 15 (KK) = 
1 . 25 square inches. Two angles 2i hy 2 by {-inch give a gross area 
of 2. 12 square inches, and a net area of 1 .74 square inches, as above 
computed. Although they give an area considerably larger than that 
re(]uired, nevertheless they must be used, since they are the smallest 
allowed. 

For Mcinhers L, U^ and U^ L^: The reciuirwl net area is 240 -^ 
15 000 = 0.42 square inch. One angle 2V by 2 by J-inch gives a 
gross area of 1 .00 scjuare inches. The amount to deduct from riiis 
'^^ I X (^ + I) = 0A9 square inch, one ^-inch rivet-hole being taken 
from the section. This gives a net area of 1 .06 — 0.10 = 0.S7 
scjuare inch, which shows this angle to be sufficient. 

Since the member U^M has no other use than to prevent the 
l)ottom chord from sagging, it wnll be made of the lightest angle 
alloweil. It wnll therefore l)e made of (me angle 2.V by 2 by }-in(*h. 

The meml)er L^ L^ is made of the same section as the mt^mber 
/vg U^, since this is more economical than to (change the section and to 
make a splice at Ly It will be made of two angles 2 V by 2 by J-inch. 

Design of the Compression Members, The general metho<l of 
procedure in the design of compression members k, first, to assume a 
cross-section, and then to determine the unit compressive stress 
allowable l)y hiserting the length of the member and the radius of 
gyration of the assumed section in the formula given for the unit 
allowable compressive stress; then divide the stress in the member 
by the unit allowable compressive stress determined as al>ove. 'iliis 
will give the required area. If this recjuired area is ecpial to, or slightly 
less than, the area of the cross-section assuuKnl, the section assumed 
will be the correct one. If the recjuired area as computed above is 
greater than the area of the section, then a larger s(X'tion must be 
assumed and the ojjoration repeated. I'sually only two operations 
are recjuired in order to obtain a section whose area is correct. It 
should be noted that the area of the rivet-holes is not deducted from 
the section in compression members, since the rivet fills up the rivet- 
hole and makes a section as strong in compression as it was in the 
first place. Care should be taken to assume a section whose radius 
of gjTation is e(jual to or greater than the length of the member 
divided by 120. This is due to the fact that / -^ r should not be 
greater than 120. Compression nienibcrs of roof trusses for the usual 
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spans are made of two angles placed back to back. The radius of 
gyration of such a section is equal to the radius of gyration of one 
angle, if it is referred to an axis perpendicular to the legs which are 
placed together. If it is referred to an axis through the center of the 
section and parallel to the legs which are placed together, it is equal 
to some value other than the radius of gyration of one angle. The 
radii of gj^ration for pairs of angles placed either directly back to back 
or a small distance apart, are given on pages 144 to 146 of the Car- 
negie Handlxx)k and in Table XI^ and should be used in"the design. 
The value of the radius of gjTation for sizes of angles other than 
those given, may be obtained by interpolation. 

For example, let it be recjuired to determine the radius of gyra- 
tion of two 5 by 31 by J-inch angles placed i inch apart and back to 
back, the 5-inch legs being horizontal (see p. 146, Carnegie Hand- 
lKK)k). Since this value is not given in the tables, it must be inter- 
polated fn)m the values given for r, for the above sized angle, which 
are ^\ inch and I inch thick. The difference between the two 
tiiicknesses given is I — y^ = i\ inch. ^Fhe difference between 
the two values given for the radius of gyration is 2 . 55 — 2 . 44 = 0.11. 
This gives a difference of .11 -r- 9 =^ 0.0122 for each -^\ inch differ^ 
cnce in thickness in the angle. The difference between the thickest 
angle and the angle under consideration is | — i = f, or j%. 
Tlien^fore the amount to be subtracted from the radius of gyration of 
the thickest angle is () X 0.0122 = 0.0732; and the radius of gjTa- 
tion for two angles placed back to back as alx>ve stated is 2.55 — .07 
— 2.4S. Tn case one angle is used for a member in compression, the 
least rectangular radius of gyration must be used; and if two angles 
are (Mnploye<l, place<l hack to back, care should be exercised to use 
the least radius of gyration ; and if the angles have unequal legs, those 
legs shouhl be j)lace<l back to back, which will make the rectangular 
radii of gyration as nearly etjual as ]>ossible. The values of the 
radii of gyration will indicate whether the short legs or the long legs 
should be plactnl together. The tables given in the Carnegie Hand- 
book give tiie radii of gyration for angles spaced at distances J inch 
and 4 inch apart ; but since the connection plates of roof tnisses are 
u.sually } incii or jj inch thick, the values of the radii of gynition 
should be given for angles spaced | inch an<l I inch apart. Such 
values are given in Table XI. 
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TABLE XI 
Radii of Gyration of Angies Placed Back to Back 



Equal Leos 



Unequal Leos 





r, 

.1. 



-ro — -Hffth— 






3ri^ Jsi;. "^*^ 



Size (Inches) 


^x 


'■t 


Size (Inches) 


••i 


r« 


••i 


»•« 


2 X 2 X A 


0.93 


0.98 


2i X 2 X A 


0.88 


0.92 


1.19 


1.24 


2 X 2 X A 


0.98 


1.03 


21 X 2 XI 


0.94 


0.99 


1.25 


1.30 


2} X 2} X i 


1.14 


1.19 


3 X 21 X 1 


1.09 


1.13 


1.40 


1.45 


2J X 2J X J 


1.19 


1.24 


3 X 2} X A 


1.15 


1.20 


1.46 


1.51 


3 X 3 X i 


1.34 


1.39 


31 X 21 X i 


1.04 


1.09 


1.67 


1.72 


3 X 3 X f 


1.41 


1.46 


3} X 2} X {i 


1.13 


1.18 


1.75 


1.80 


3} X 3} X 1 


1.56 


1.61 


3} X 3 X x'i 


1.30 


1.35 


1.61 


1.66 


3J X 3} X 11 


1.65 


1.70 


3} X 3 X 11 


1.40 


1.45 


1.71 


1.76 


4 X4 X A 


1.76 


1.80 


4 X 3 X A 


1.25 


1.30 


1.88 


1.93 


4 X4 Xil 


1.85 


1.89 


4 X 3 X 11 


1.35 


1.40 


1.97 


2.02 


6 X6 XA 


2.58 


2.63 


5 X 3 X A 


1.17 


1.22 


2.42 


2.47 


6 X 6 X J 


2.66 


2.70 


5 X 3 X li 


1.27 


1.32 


2.52 


2.57 








5 X 3} X f 


1.42 


1.46 


2.36 


2.41 








5 X 3} X J 


1.51 


1.56 


2.45 


2.50 








6 X 31 X f 


1.34 


1.39 


2.90 


2.95 








6 X 31 X J 


1.44 


1.49 


3.00 


3.05 








6 X 4 X f 


1.58 


1.62 


2.83 


2.87 






i 


6 X 4 X i 


1 67 


1.71 


2.92 


2.97 



r^ =a In all cases, the radius of fcyratlon of one anj^le referred tr) neutral axis paral- 
lel to the horizontal leg as shown above. 

For Member L^ L\: Two angles 31 by 3 by ,'(j-inch, long 
legs spaced back to back, and } inch apart, will be assumed. The 
least radius of gyration is 1 . 10, and the length is 8.9 feet. The area 
of this section is 2 X 1 . 03 = 3 . 86 square inches. The unit allowable 
compressive stress is : 

110 X 12 X8.9 



P - 24 000 - 



1.10 



= 13 400 pounds. 



The required area is 48 800 -5-13 400 =3.65 square inches. Since 
the angles given are of somewhat larger area than that required, it 
might be well to examine the next smallest angle. 

Two angles 31 by 2\ by j'^-inch, with a radius of gyration 
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1.11 and a total area of 3.56 square inches, will he assumed. The 
unit allowable compressive stress is: 

P = 24 000 - . ^^Q X^ 12^X8.9 _ jg ^ jq pounds. 

The required area is 48 800 h- 13 510 = 3.61 square inches. Since 
the required area is greater than the given area, it shows that these 
angles are too small. Two angles 3J by 3 by /g-inch will there- 
fore be used for this member, and also for all the members of the top 
chord, since it is more economical to run the same size throughout 
than to change the section and make splices at all the upper chord 
panel points. 

For Member f7, L,: The length of this member is easily com- 
puted from similar triangles, and is found to be 8.9 feet. Two angles 
2i by 2 by y'^Q-inch, with the long legs back to back, give a total area 
of 1 . 62 square inches and a radius of gyration of . 78. The unit- 
stress is computed and found to be 8 950 pounds. The required area 
is 11 150 -^ 8 950 = 1.25sc|uare inches. These two angles would 
be used, but the least allowable radius of gyration is 8.9 X 12 -=- 120 
= 0.89. This is seen to be considerably greater than the radius of 
gyration given above, and therefore these angles cannot be used, 
according to Specifications. By consulting the tables, it is seen that 
two angles 3 by 2\ by }-inch are the smallest angles that will give a 
radius of gyration nearest to the required amount (0.89) and still 
be standard size angles. Angles marked with a star in the tables 
are special angles, and can be procured only at a cost greatly in excess 
of the others, and then only with great delay in delivering except 
when large quantities are ordered. It may be said that standard 
angles sliould never be used. 

For Members U^ L^ and U^ L^: The length of these members is 
4.45 feet. The radius of gyration must therefore not be less than 
4.45 X 12 ^ 120 = 0.45. One angle 2i by 2 by }-inch, with an 
area of 1 .00 square inches and a least rectangular radius of gyration 
of . 59, will be assumed. The^allowable unit compressive stress is : 

110 X 12 X^ 
r = 24 000 h-rTT- =14 Or>0 pounds. 

The required area is 5 580 -r- 14 Or)0 = 0.40 square inch. The 
angle chosen gives a much larger area than that required; but since 
it is the smallest one allowed by the Specifications, it must be used. 
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Many designers do not place a limit on the value of the radius 
of gyration, but simply use the compressive formula, and any section 
whose radius of gyration will bring the required area near to its own 
area. This should not be the case, since the formula here given is not 
applicable when the value of / -r r is greater than 120. 

Top and Bottom Lateral Bracing. Since the stresses in the 
lateral bracing are not susceptible of a v/ell-defined mathematical 
analysis, it cannot be rationally designed. Experience indicates that 
It should be as in Article 7. The lower chord bracing will therefore 
consist of single angles 3 by 2 J by j\-inch; and the upper chord 
bracing, of 3 by 3 by i^^-inch angles. This bracing should not be 
placed between every truss, but should be placed as indicated on the 
stresi^ sheet, Plate I. If one |-inch rivet is taken out of the section of 
the bottom lateral bracing, it will give a net area of 1.62 — 0.27 = 
1 .35 square inches; this could withstand a stress of 1 .35 X 15 000 X 
1.25 = 27 000 pounds, which is the stress the bracing is assumed to 
carry, and which is to be used in determining the number of rivets 
for the connection. The stress in the top lateral bracing may be 
assumed to be the same. 

Determination of Number of Rivets RequiredL^ It is to be remem- 
bered that f-inch rivets are to be used in the 2 J and 2-inch legs of the 
angles, and f-inch rivets in all larger legs. Field rivets are to have 
a value equal to | of a shop rivet. Connection plates } inch thick 
are to be used in all cases, except where the number of rivets required 
will be greater than 10. In such cases, use a f-inch connection plate. 
The correct number of field rivets may be determined by multiplying 
the required number of shop rivets by ^. 

Whenever two angles back to back join on a plate, the number 
of rivets is governed by the bearing on the connection plate; and when 
one angle is joined to a plate, the number of rivets is governed by 
single shear if the rivet is f inch in diameter, and by single shear if the 
rivet is \ inch in diameter and the plate is over \ inch thick. The 
bearing and shearing value of the rivets are taken from Table X, p.47. 

Lower End of Lq Ux- Rivets J-inch. Plate |-inch. 

48 800 4- 6 630 = 9 shop rivets required. 
Upper End of U^ U^: Rivets f-inch. Plate J-inch. 

40 500 -f- 5 630 = 8 shop or 10 field rivets 
Upper End of U^ L^: Rivets |-inch. Plate j-inoh. 

18 725 -^ 4 690 » 4 shop or 6 field rivets. 
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Lower End oj J,, L^: Rivets J -inch. Plato {-inch. 

12 171 - :\ IM - 4 shop rivets. 
luirh End oj U.^L./. Rivets J-inch. Plate 1-inch. 

11 150 ^ 3 130 - 4 shop rivets. 
Each End of Li V^and U^ L^: Rivets J-inch. Plate J-inch. 

6 240 :- 3 070 = 2 shop rivets. 
Each End of t^, L, and U^^ L,: Rivets |-inch. Plate }-inch. 

5 580 -: 3 070 - 2 shop rivets. 

^Vlle^e U^L^ and U^^ join the top chord, two rivets will be 
recjuired in the top chord. 

Since the components of the two diagonals meeting at U^ an* 
parallel and equal, and opposite to the stress in U^ L^, no rivets will 
be re(]uired, theoretically, to hold the plate to the top chord. A 
sufficient number, however, must be put in to take up the vertical 
reaction of the purlin. This number is 5 550 -r- 3 130 = 2 shop rivets. 
In practice a greater number are usually put in to prevent vibration 
and to fill out the plate. 

At L3 a sufficient number of rivets must be placed in L^ U^ to take 
up the difference in stress between L, U^ and L, ^r ^^^^ number 
retpiirtHl is (18 725 - 12 475) -^ 3 130 = 3 shop rivets. 

At the end L^ of the member L^ Lj, there is a horizontal stress 
of 43 7(X) pounds, and a vertical force e(jual to the reaction, which is 
49 930 -^ 2 = 24 905 jx)un(Ls (see Fig. 76). The force acting on 
the rivets in this member is the resultant of these two forces, and is: 

\ 43 700^ f~2riM).r - 50 300 pounds. 

Since tlie rivets are f-inch and the plates s-inch, the numlxT of rivets 
reijuired is 50 3(K) -^ 5 030 ^^ 9 shop rivets. This number should be 
])laced symmetrically with respect to the intersection of the two 
chords. In case the \xnni of application of the reaction had not 
coinci<lcd with the intersection of the chords, the number of rivets nuist 
be computed acconling to the formula on page 30. 

For the joint at Lj, a sufficient number of rivets must be put in, 
in order to take up the difference in stress between the members 
Ly Lj and L^ L^. The number recjuired is (43 7(K) — 37 450) -^ 3 750 
= 2 shop rivets. 

The purlins have a horizontal shear at each end, of II -7- 2 = 
2 490 -V- 2 - 1 245 ix)unds. This recjuires 1 245 - 4 420 = 1 shop 
rivet or 1 field rivet, to keep them from sliding down on the top 
chonl. Clip angles 5 by 3A by ?-inch will be used as shown in Plate I. 
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These help in the erecting of tlie purlins,, since they are shop-riveted 
to the truss and therefore hold the purlins in place while they an' 
being fieid-riveted to the truss and to the clip angles (see Fig. 77). 

Rivets in Lateral Braciny. The plates of the lateral bracing should 
be made { inch thick. The ^ 
inch leg of the angle will lie 
placed against the plate. Riv- 
ets I inch in <liameter can then 
be used, and thestrength of the ^''P Angle - 
joint will be governed by bear- 




r. UetaUShowInK cup Angle 



ing in the }-inch plate. The 
stress for which the rivets are 
to be determined is given on p. 
55. It is 27 000 pounds. The 
number of field rivets in bearing 
in 1-inch plate, requir«l to with- 
stand the stress, is (27 000 ^ 4 420) X J = !*. The size and shape 
of the plate can he determined only while making the detailed draw- 
ing (see Plate III, p. 01). 

Design of ihe Splice. The general details of the splice will l)e as 
shown in Fig. fiS. The plate underneath will l)e made J inch thick, 
the same thickness as the ver- 
tical connertion plate at this 
]>oint. Note that the meml>er on 
5 Held '''^^ left-hand side of the .splice 
must have J-inch shop rivets, and 
the memlier on the right-hand 
side must have ^-inch field rivets. 
The total numlier of rivets on 




55hop5"'^Tndd 
. Qetall of I>ower Chord Splice. 



either side of the splice must be sufficient to take up the entire 
stress of the memlier thningh which they are driven. If eight S-inch 
field rivets are driven through the horizontal legs and the l»ottom 
splice plate, and five 3-i»eh field rivets are driven through the ver- 
tical plate and legs of the angles (see Fig. 78), the total .strength 
of the joint, remembering that the rivets are ^-inch, will be: 
H y. i K ;1070 = lC.t7()|»niiicis- 

5 X i X :i i:iO - 10 430 iHJutnis. 

Tolul M ««) pounds. 
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Note that the rivets through the lx)ttoin spliee plates ai*e g<-)venKxI 
by single shear; and those through the vertical plate, hy bearing in 
the plate. Since 10 370 jkhukIs is the value of the rivets thn)ugh the 
l)ottom splice plate, this amount will he transmitted to the other side, 
where it must he taken up by shop rivets. Bearing in the plate 
<r()vonis the number of J-inch shop rivets recjuired. This iiuml^er 
is 1() 370 -H 3 750 - 5. Since 10 370 pounds of the stress in the 
nu^mber L^ L, is taken up l)y these 5 shop rivets, the remainder, 
*!7 450 — 10 370 =21 OSO {)ounds, must be taken up by the rivets 
tlirough the vertical cimnection plate. This requires 21 OtSO -^ 3 750 
=- shop rivets. 

Since 1(>370 |)ounds is transmit tetl fnnn one side of the splice 
to the other by means of the lK)ttom splice plate, this plate should be 
10 370 -T- 15(X)0 = 1 .09s(iuare inches in net section. The net 
width, the plate being } inch thick, is 1 .09 -^ 0.25 = 4.30 inches. 
If two J-inch rivet-holes are taken out of the section, the entire width 
of the plate must be 4.30 + 2 ( J ^- J) = 0. 1 1, say 7 inches wide. 
The length of the plate must be sufficient to get in the number of 
rivets, and this length is determined in detailing. 

Dcsiijn of the Masonry Plate. If this truss rested upon a masonry 
wall, it would re(|uire a bearing of (49 930 -^ 2) -i- 250 ^ 100 scpiare 

inches. The width of the plate cannot be 
less than twice the widtli of the legs of the 
bottom cliord angle, nor should it extend 
()Utsi(l(» tlic legs of the chord angle more than 
3 inclics on each side. The masonry plate 
will be assumed as 12 inches wide, in which 
<'asc it must be l(K) -:- 12 S.34,say S\ inches 
long. The thickness should be I hich. 
Trm per af lire AUoiranee. Slotted holes must l)e put in one end 
of tiu^ truss, to allow for a variation of 150 degrees in temperature. 
A conunon v\\\v is to allow i-incli expansion for every ten feet of span. 
The total allowance for expansion is 04 X 1 = say, 1 inch. Since 
the bolts which go through this hole are J inch hi diameter, the hole 
must be long enough to allow for \ the expansion on each side. The 
width of the hole should be j inch greater than the diameter of the 
bolt (see Kig. 79). 

(U)iineet'ums to the Posts. Jf the truss rests upon posts at the end. 



4 Anchor bdt 




Fig. 79. Slotted I loir f«)r 
Truss of Fiji. 76. 



2?Ji 



ROOF TRUSSES 59 



.sufficient rivets must be driven through tlie posts and the end con- 
nection plates to take up the end reaction, which (see page 3S) is 
24 970 pounds. Since tlie rivets are field rivets, this will require 
24 970 H- 3 750 = 7. This number is to be used in case the posts are 
built in masonr}^ walls. In case the truss has knee-braces and the 
walls of the building consist of steel framework, the reaction due to 
the wind must l>e addeil to the above. 

15. The Stress Sheet. This should also be somewhat of a 
general drawing, showing the details. It should give an outline sketch 
of the building, showing bays, the distances between trusses, and the 
bracing in tlie ])lane of the to]) and bottom chords. See Plate I, 
p. 43, which is a stress sheet of the truss designed in Article 14. 
While not necessary, it is very convenieat to have the required number 
of rivets noted upon the stress sheet. 

If). The Detail Drawing. The stress sheet, in the matter of 
sizes, gives general dimensions only. It would be impossible for the 
shop men to make a truss from the stress sheet. 

The shop or detailed drawings must be prepared by the drafts- 
man. These drawings must show the exact number of rivets, and 
their positions, the dimensions of every plate, meml)er, and purlin. 
Tlie placing of the dimensions so that it will be unnecessary to add 
or subtract in order to get another desired dimension, is quite an art, 
and can be attained only thn)ugh experience or from the study of 
correctly detailed work. Plates II and III give the shop drawings 
for a roof truss and the bracing. These are made according to the 
latest and best practice, and a thorough study of them will be a help 
to an intelligent design of the trusses. 

All members and plates which are to be riveted together in the 
field should be given a mark, lliis mark should be painted on the 
member or ])late, and also marked on the Marking or Erection 
Diagram (see Plate IV). This diagram is a sketch, with the pieces 
in their proper position and the correct mark placed upon them. For 
example, if it is desired to rivet into place the first panel of the lower 
lateral system, the men look on the marking diagram and see that 
plates P/7, P/^, and P/,, and the laterals BL\,BL2, and /iA3 are 
required. They would then go to the place where all the trusses are 
piled up, and j)ick out the plates and members with these marks u|)on 
them. They would then rivet Pl^ at />^„ Pl^ or Pl^ at L.,y then /iLl, 
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then B L 3, and finally B L 2, all of which are shown on the Marking 
or Erection Diagram. 

Care should be taken to give each piece that is different from 
others in any w^ay whatsoever, a diflFerent mark. For instance, the 
purlins are the same size, and diflFer only in length and on account of 
the fact that one has holes in the bottom flange (see Plate III). 

Plate IV gives the roof marking and erection diagram for the 
roof trusses of Plates II and III. Note that the roof truss on 
Plates II and III is not the same as that of which Plate I is a 
stress sheet. 

17. Estimate of Cost. A rough estimate of the cost of steel in 
the roof may be obtained by muitipl}ing the weight of the purlins, 
in pounds, by 2 J cents; then adding to this the result obtained by 
multiplying the weight of all the steel in the trusses and the bracing 
by 3 J cents. This will give the cost of the steel work in place with 
two coats of paint. This will give the cost closely enough for an 
Enguieer's estimate; but should a Contractor desire to bid, a detailed 
estimate should be made as indicated in the remainder of this article. 

The cost of the roof covering may be approximately determined 
according to the prices given in Article 5, but may be more accurately 
obtained by asking a Contractor for a figure which his experience 
will indicate as correct. 

Paint of various kinds may be bought in o|)en market. Table 
XII gives some of the kinds used in painting structural steel, to- 
gether with the amount of surface one gallon will cover. 

TABLE XII 
Surface Covered per Gallon of Paint'<' 



Paint 



Iron Oxiclo (powdered) . . . . 
" " (ground in oil) . 

Red Lead (powdered) 

White Lead (ground in oil) 
Graphite " " '' 

Black Asphalt 

Linseed Oil 





Sgu. 


\RK FkKT 




1 coat 


2 coats 




600 
G.iO 
6.S0 
500 
300 
515 
875 


350 




375 




■ 1 av » 
f) i i) 




300 




215 




310 











•IVncoycl Ucimlbook, 189" p. 2i)J. 
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One gallon of paint will give two tons of structural steel the first 
ctwt, or 21 tons the second coat. The cost of one coat of paint in the 
shop is 45 cents, and two coats after erection $1.80 per ton of struc- 
tural steel.* 

The detailed estimate of the cost of steel includes several items 
which are given in Table XIII. In each case the weight of the steel 
on which the work is done must be multiplied by the unit-cost, and 
the sum total of all the costs will be the total cost of the entire roof or 
building. Table XIII gives the various operations which go to make 
up the cost, and also the unit-costs. Note that the costs vary con- 
siderably. This table is given as a rough guide. In order to ana- 
Ivze intelligently the cast in this manner, great experience or access 
to the cost records of some structural steel company is necessary. 

TABLE XIII 
Analysis off Cost off Rooff Trusses and Mill Buildingsf 



Operation 





1 

Cost pkr 


Ton 




$37.00 to $40.00 




3.00 




7.00 




14 00 




20 . 00 




12.00 




25 . 00 




12.00 




25 . 00 


f 


.30 




1.00 


Idirigs 


2 00 




8.00 


1 


1 . 50 




3.00 




T) . 00 


( < 


15 00 



Raw Material 

Work done at Rolling Mills ^mill work) 

I Columns 
Work ilone in Briili:(» Shops - Trusses 

' Girders 

.... . - r* i> ^ Purlins 

U ork done in Draftinir Kooni - „, , ,.. ■, i- . 

I 1 russes and liuildmgs 

Paint in jr 

Siiippiui: dt'jKMids upon freight rat("^» 

KtovWou 



1 1 is not to 1h' su[)|m)S(»<1 that all of the ()[)erations indicated in 

TaMo Xlll arc made on one piece. Usually pieces which have mill 

work done on them reijuire no shop work. In such cases a saving 

of friMi^ht is etytxtt^l, since the material may l>e shipj>e<l directly from 

the mill to the place of erivtion. 

MILL BUILDING 

is. Definitions and Description. A jnill huildhuf cimsists of 
a roof sup])orted either on steel columns, on steel columns Iniilt in 

iromjuira from Kticlunns "StiM'i Mill IJuildniKs." 
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masonry walls, or on masonry walls alone. The roof may consist of 
any of the forms of roof trusses that have previously been mentioned; 
and the roof covering, which may rest on purlins, or on rafters and 
purlins, may consist of any of the roof coverings mentioned in Article 
5. In case the roof is supported on steel columns, the columns are 
connected at their tops by a strut called the eave-sirut; and they are 



i Lantern 
Monitor, or 
V^enitotor 




5ide Elevation 
Dotted Lines Indicate Laterol Drocinq 



Truss Bent ( Interrnediatc ) 
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Braced End Bent 
Fig. 80. Physical Analysis of a Mill Building. 

also connected at certain distances throughout their height by hori- 
zontal members called giris. The building may or may not have a 
monitor ventilator on top. See Fig. 80 for general form of mill 
buildings, together with the names of the various parts. 

The eave-struts and the girts are used as a framework on which 
to place the covering for the walls of the building. This covering 
may be of wood, of wire lath and plaster, or of corrugated steel. 
The eave-strut may also act as the end purlin. 

Since the majority of mill buildings have their roofs and sides 
covered with corrugated steel, the remainder of this text will be 
devoted to mill buildings with this kind of covering. 
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19. Types of Buildings. Mill huikiings may l>e classified 
accfmlin^ to tlioir width and the numhtT of Imys which they have. 
A hnildiiii: may consist of one cc^nter bay (see Fig. ^1). In this case 





30 to 100 feet 

Fig. 81. 



50 ro40 feet 30 to 60 feet 




30 to 40 feet 



50 to 60 feet 



Flp. 83. 



>., North 



30 to 40 feet 



Glass 





Saw Tooth 

Fig. 81. 



20 to 40 foot spans. 
Ketch um '5 Modified Sow Tooth 



rig. 85. 



(.'ross-Swlions of Mill Hiiiltlings. 



the span may vary from 80 to 100 feet. l\sually side windows give 
sufiicient light, no skylights being re(|uired in the roofs or monitor if 
the span is less than NO feet. 

The building may consist of one center bay and (me or two side 
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bays, as shown in Figs. S2 and 83. The truss of the center hay is 
usually of the Fink type, and in most cases is supplied with skylights 
and lights in the monitor. The side. trusses for the most part consist 
of that type in which the chords are nearly parallel. The center hay 
jsgenerally not more than 60 feet in span. This is due to the fact that 
the crane ginler would be unnecessarily heavy if a longer span were 
used. The side spans are usually from 30^ to 40 feet. 

In case it is desirable to have the building wider than 150 feet, 
and still have it lighted by natural light, the common saw-tooth roof 
(Fig. 84) or Ketchum's modified saw-tooth (Fig. 85) is used. In such 
cases the bays are seldom greater than 40 feet. Cranes may be 
placed in one or all of the bays. One great advantage of this type of 
roof is that it gives a good light uniformly throughout the en tire shop; 
and at any time it is desired to widen the shop, additional bays may 
be added. The shop may also be lengthened by adding additional 
trusses at the end. Of course, shops of the first two types mentioned 
may be widened by addition of extra bays; but the connection to the 
old work will be unsatisfactory, and skylights will have to be placed 
in the roofs both of the old bays and of the new ones. For views 
showing the interior of shops, see pages 77 to 84. 

20. General Requirements. The general recjuirements of a mill 
building dej)end in detail on the purpose for which it is intended. 
The requirements which are common to all classes of buildings are 
ventilation, good light, and transportation facilities l)oth inside and 
outside the shop.. The (juestion of light and ventilation is discussed 
on pp. 42 and 00. In regard to transjx)rtation facilities, it may be 
said that either the building should be placed so close to a railway 
track that tlie material may be unloaded by means of a crane and 
hauled into the shop, or the track must run into the shop so that the 
material may be unloaded and placed on the stock floor by means of 
a crane in the center bay and wall jib-cranes (see Fig. 109, p. S3) or 
by means of hand trucks. 

21. Layout. The purpose for which the building is intended, 
and its relative location in regard to transportation facilities, will 
determine its layout. For manufacturing purposes, it should l)e so 
laid out that the materials will always pass forward in going from the 
raw material to the finished pnxluct. In general it may be said that 
the engines, machines (hithes, milling machines, drill presses, shears. 
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pniu'lu's, rt<*. ), and stock n)t)in, should l)e in the side Imys; and the 

laying out, tTCH-tion, and shipping H(M)rs shoukl be placed in the 

crntor l»ay in the onhT mentioned. Fig. 86 gives a layout of a 

concern manufacturing frogs and 
switches. 

22. Framing. The fxaming 
of a mill building consists of the 
roof framing, which has been 
discussed in the preceding art!-' 
cles; the columns, which will b^ 
discussed in the next article; and 
the girts and eave^stnUs, 
Eavc-struts are a detail of cornice design. Various forma and 

methods of connections are shown in Article 20, p. 95, and the 

student is referred to this article. 

(lifts may be matle of wood, angles, or channels. They should 

be desipie<l for a pressure of from 20 

to 'M) pounds to the scjuare foot on the 

side of the buildinj^. The spacing of 

the purlins depends upon the thickness 

of the corru«;ate(l steel usihI. < )n account 

of the fact that corru*;ate<l steel can be 

procurtMl in len<:llis up to 10 feet and 

for spans of ."> feet, the stress per scjuare 

inch due to *M) poun<ls per scjuare foot is 

about lV) ()()() pounds. In No. 24 gauge 

corrugated steel, the spacing of the girts 

is limited to "> feet or less. 

Corrugated steel may be fastened to 

the girts by barl)e<l niofing nails in case 

the girts are wood, or by clinch nails in 

case the girts are angles, or by clips fas- 

teneil with rivets or ,\-inch stove bolts 

i inch long. Xails and clinch nails 

should be spaced about 8 to 12 uiches apart. Clips are made of 

No. 1() gauge steel from i; inch to 2i inches wide, and are spaced 8 

to 12 inches apart. Fig. S7 shows girts, together with the method 

of attaching the corrugated steel. The number of nails, rivets, and 
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stove boit-s in a (xtund is to be found in the handlxjoks of various 
manufacturers. 

Window-frames in mill buildings are, in general, similar to those 
placed in frame or brick buildings. These frames are fastened either 
directly to an iron framing < 
iron framing. The win- 
dows may be glazed in the 
usual fashion by means of 
putty, or may have the 
glass held in place by some 
of the methods shown in 
Fig. 73, p. 44. Windows 
in the side of the shop 
may be so fixed that they 
may be raised and lowered 
as the ordinary dwelling 
window; or they may slide 
horizontally; or, again, 
they may be fixed so that 
they cannot be moved. 
The windows in the moni- 
tors are usually fixed with 
a swinging sash which can 
l»e operated from the floor 
of the shop (see Fig.SOl. 

The glass in the win 
dows may be the common 
window glass, common 
plate glass, riblied or cor- 
rugated glass, wire glass, 
or prisms. Of the.se \u- 
rieties, the prisms ami the ribbed or corrugate*! are the best, 
since they give a more uniform light and are not easily broken. 
Wire glass, which is made of wire netting moulded in the middle of 
the sheet of glass, gives a very good light, and has the additional 
advantage that it does not crack and fall out under the action of 
file and water. ' It is considered fireproof. Common window glass 
does not difFuae the light so well iis most of the other glasses. It is 
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rery liable to fracture, and for tliis reason the inside of the window 
should be (.-uvereil with wire netting. Priious are made by the 
American Luxfer Prism Company, of Chicago. They may be 
obtained up to 84 inches in width and 36 inches in height. The 
width is parallel to the saw teeth. Figs. 88 and 89 give sections 
of windows, showing the framing. Attention is called to the fact that 
thereof on the monitor .should overhang sufficiently to prevent the 
^ water from dropping 

opened. 

Doors may consist 
entirely of wood, of a 
frame of angles covered 
with corrugated steel, 
or of corrugated steel 
alone. The first two 
classes may be so fixed 
that they will slide, as 
in the folding doors of 
residences; open out- 
ward like a common 
door; lift vertically; or, 
in case they are made 
entirely of corrugated 

' "" ■'" '" ' ' " ' steel, n)Il up like a win- 

dow-shiulc. Tliis laltfT diior is a putmtetl one. Shop doors are 
seldom made to ojM-n outwanl or iinvanl, on account of the space 
retjuired^a space wliitli can be dcviitcd to better purjK)ses. Figs. 
90, 91, and 92 sin.w ilctails of the above <lo..rs. 

Let it be retjuired to design (lie girt wluni the trusses are 16 
feet apart ami the girts are fi feel ccnler to lenter. The moment 
. 5 X 10 X 30 X Hi X 12 ^ 




(UK) i«> 



-inches; and the 



quired section modulus i 



57 000 
15 000 



3.S4. By inspecting the tables 



in tlie Carnegie HandlMiok. pp. il7 to ! 10, it is found that the fol- 
lowing shapes will be sufficient: 
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One 5-inch a, 75-pound I-beam 

One 6-inch 8.00-pound channel 

One 4[', by 3it-inch 10..'Vpound zee-bar 

One 6 by 4 by /(-inch 14,3-pound angle 



From this it is evident that the channel is the most efficient and 
economical. 

23. Columns. Columns may consist of almost any combins' 
tion of sliapes, either latticed or connected by plates. Some of the 
most common cross-sections are 
shown in Fig. 93, those illustrated 
in b and c being used to a great 
extent. The advantage of these 
forms is that they give a small 
radius of gyration about the axis 
b-b, and a larger One about the 
axis a-a (see Fig. 94). This is 
especially desirable, since, in ad- 
dition to the direct stress due lo 
the weight of the cranes, roof 
truss, and covering, the column 
must withstand the moment due 
lo the wind and to the eccentric- 
ity of the runway girder. Both 
of these moments tend to l;>end 
the column around the axis a-a. 
The bending moment due to the 
eccentricity of the nmway girder 
is equal to the reaction of the 

prder, limes the distance from the center of the column (see Figs. 
95 and 96). In case the details of tlie column are as given in 
Fi^. 90, the direct loud due to the reaction of the truss and its 
covering prtnluces a moment due to its eccentricity. This moment 
is Rj X e^. Since /(, acts on the opposite side of the center 
of the column from the |x>int of action of R„ it tends to counteract 
the effect of the moment due to the eccentricity of the runway girder. 
The total moment <lue to eccentricity is .1/,= fl, X ("i — H, X e. If 
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the lirst tenii of this (-(lUHtiuii ls less than the last term, the compres- 
sive stress on the side of the column with the runway girder is increased, 
and iiVc tvTiia. The stress in the column from the runway girder 




to the roof is that chie only to the vertical reaction of the roof and the 
bcmliiig line to llif wind. In that ]>nrt of the cohimn i)elow the crane 
ginicr, the stress is lliiit due to the direct iiction of the weight of the 
roof; its eccentricily, if there be anv; ihe direct action and eccen- 
tricity of the runway fjinler; and thel)endingmompntdue to thewind. 
The iK-ndinfi moment due to the wind is less in this part of the 

H h-H H IT 11 ]:;[ 



colunui than it is at llie foot of the knee-liracin;:, tnit it is customary 
to consider it the same. 

In order to prevent eecenlric stresses due to the reaction of the 
runway ginJer, an e.\tra colnmn t<i carry Ihe crane girder is placed 
alongside the roof cohunn (.see Figs. H)lt and 117, pp. T'l and S.S). 
This ismuchnse<l by A. F. Ilobinsim, Uridge Kngineeriif the Atchison, 
Topeka & Santa Fi? Rjiiiroad System, wlm claims it to l>e a verj- 
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Fig, » 





lllustmtlnR Ih^ Two Kadll uf Fit:. 9S. Itunnay-Ulrder EcccDlrlclt;. 



economical and efficient detail. One advantage of this is, that, if at 
any time it is desirable to use a heavier crane, this column can be 
removed and a stronger one put in its place, 
without in any way affecting the remainder 
of the building. 

In order to illustrate the design of a 
column, let it be required to design a col- 
umn with detail as shown in Fig. 95, the 
height being 20 feet, the distance of the run- 
way girder from the face of the column 8 
inches, the direct stress 15 600 pounds, and 
the t)ending moment due to the wind 
924 000 pound-inches. The reaction of the 
runway girder is 20 000 pounds. The stress 
due to the bending moment caused by the 
wind and the eccentricity of the runway 
girder must be worked out by formula S, 
"Strength of Materials," p. SO; find to'thls 
must be added the direct stress caused by 
the weight of the roof and the crane-girder 
reaction. 




stress must Iw reduced one-half in deter- 
mining the section to withstand stresses due to crane loads, the 
moment due to the crane loads and also its direct action must be 
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inultiplieil l>v 2 in onlcr tlmt 
tlic siiiiie fomiiilii fcir the unit- 
.stress ni!iyl»c used tlmniglunit 
ill the ik'sijjii of tho eohimn. 

l.e( four.') l>_v.3Uiy,^iiK-h 
luiKleswitha Hi i>y ^iiich wel. 
])hite Im' itsstiiiied, ami pliiceil 

iiuf^les have an area of 3.(1.") 
sijiiare iiiclie.s cacli; am! a 
luouient <)f inertia parallel ti» 
the hxip leu. of 3 IS. Then 
(see "-.Streiifrtli of Materials," 
pp. LS-.V)), ihe nmnieiit (hie 
to crane i-eactioTi is I'CXHM) X 
(S.llV, +S) = 322 r^M) i„.uml- 
inehes. Aceordiuftly, iii usiii^j 
lliis ill the foniuila, it will he 
2 X :i22 .■)(H) = r.4."i (HIO iMniiul- 
inche.s; and this, ailileil to the 
924 (NX) )H>iin<l-iiK-hes due to 
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Anohor Bolt f«°o°o''* 
Holes'^ ^^T^f^ 



the wind, will make a total iH-ndiuyinonient of I..">(i9,lHH) ix.und- 
inclies. 
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/„^ = 4X 3.18 + 4X3.05X 7,265'+ ' -' - ~ 784.72, 
7X4.7-2 



The.allowaljle unit-stress is: 
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Fitr. M, Detail ot Ccnuniu. 




Fig. 109. Detail otC( 



Thf actual unit-stress (see "Streii;(lh of Materials," p. Wi), i 



7.'<l.72-- ' 
^ :i(i2l + Ifi 120 
» I'J 444 iKimuLs pLT siiuare inch. 



Ill X 2K(100I»M) ' 
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Since this is .slinlillv less than tlie alliiwuble stn-ss, 10 1(75 pounda 
per sqiiHre inch, tiiis section is the correct one. 

Details of columns iire shown in Figs. US, IKI, ami lUO. In'cuso 
the column is considered fixed at its base, the base of the column is 
usually made as shown in Fig. Oft. Long bolts deeply imbedded in 
the masonry are nm up through the lioles a ; a heavy washer is placed 
over the Iiolt, and the nut .screwed down tightly. Each Ixilt must be 
designed to wilh.stund a stres.* of //, X n -i- 2d {see Figs. 43 and 99). 
24. Knee-Braces. The delerniinalion of the stresses in knee- 
bracing has been made in Article 0. Kne^braces consist of two 
angles placed back to back, and 
are joinetl to the column and roof 
tniss as shown in Fig, 101 and 
in the figures showing cranes. 
They must l>e designed to with- 
stand the greatest compressive 
stress; and must also l)eexumined 
to stf if they are safe in tension, 
since they are under either tensile 
or compressive stresses aci-ording 
111 ilie dinx.-tion in which the wiml 




Fig. nil. 



The kiiff-briice for the tni.ss- 
iH-nl ..f .Xrticlc will now be 
Ic.signi'il . The niii.xinmni com- 
[ircsMvc .sires.s is 21 44tl jxiunds. 
The rjuliu.s of fryralioii niiisl l.c ;il least IM -> 12(1 = 1 .00, Two 
angles :i', by:{iiy ,'„-in.-li. pliKr.i back to Iw.^k with their longer 
legs 1 inch itpart. will be !iss\inicd. since they arc ibc suiallesl .size to 
be usi'<l with r ■-= 1 ,00 or greater. The rji<Iiii,s i>f gynition alxiut an 



.Kls peqH-ii 
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liar to the 1 
24 IMIO - 
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no X i:ii 

110 



i(l!MKI 



:mu! the idlowable 

auuls 



nt- 



inch, the length being V-i\ inches 

^ 1,07 .square inches. Since tlii.s 

.since the angles are the sniallesl 

cient. The maxiimnn ten.silc stress is S till) ]n)U]i(ls, an<I the required 

net urea is S 040 h- 15 000 = 0.5S s<|uare uicli. The net area given 



]M.r si{nare 

,,,, - , .2! 440 

lhcns|inR.l area iSj,^.^^, 

s less than the given area, and 
idloHHil. (Iiese angles are sufti- 
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by the Angles is 3.8(1 — 0.55 = 3.31 stjuare inches, two J-inch rivel- 
hole3 being taken out. This shows the angles to lie amply safe in 
tension, and they will therefore be used for the section of the knee- 
1) races. 

25. Runway Girders. The runway girders extend from column 
to column on each side of the hay in which the girder runs. An 




I 



inspection of the figures of this article will give a clear idea of their 
position and their details. Along these girders run the wheels which 
support the end of the crane. The crane may be a small hoist, as 
indicated in Fips. 102, 103, and 104, in which case the crane girder 
consists of a simple I-beam supported by two wheels at the ends, and 
these are placed close together. In other cases the crane consists of 



1 



4 





two girders placed side by side, upon which runs tlie carriajje can 
Ihe hoist. This lype of crane is supported upon four to « 
wheels (see Figs. 105, lOfi, 107. lOS. 109. and 1 10). 

The maximum bending moment and shear in a runway g 
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will depend upun the ca|nicily inid span of the crane, and also upon 
the distance apart of the wheels at its ends. WTiere the hending 
incment is not too great, the runway girders may be composed of 
channels or I-beams (see Figs. 103, 104, and 106j. In case the 
moment is too great to make the use of these possible, the runway 
girders are composed of plate-girders (see Figs. 105, 107 to 111)), 




Plate-Orders consist of a flat plate called a web plate, which has 
riveted to it at its upper and lower edges two angles, or two angles 
and one plate, called the caver-platc. The angles arc called flange 
antjles; and the two angles together, and the covei^plale when used, 
are called the flangeg. At certain distances along its length, equal 
to or less than its depth, vertical angles are riveted on opposite sides 
of the well plate. These are callei! HlifJcncTS, their function being to 
stiffen the web under the action of the shear, i^ee Fig. Ill for a 
general sHew of ii plate-girder, together with the names of the 
various parts. 
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V\g. 1 12. Position of Crane Truck ff>r Max- 
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VlK- 1 13. Pofiltlon of Crane Truck for Max- 
imum Moment in Kiinway (iirder. 
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Fig. 114. Position of Crane Truck for Max- Fig. 115. Position of Crane TnicU for Max- 
imum Heart ion tm Column. Imum Shear at any StH'tiim. 

The ihaximum shear in the runway ginler will occur when the 
crane wheels are in the |K)sition shown in Fig. 112; and the maximum 
moment will occur under the wheel nearest the middle of the span, 
when the wheels are in the position shown in Fig. 113. The maxi- 
mum reaction of the runway girders on the column will occur when 
the wheels are in the position shown in Fig. 114. In order to 
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TABLE XIV 

intiai Crane Reactloa 
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obtain the inaxiinuiii shear at anv >ecii-»n. as a-n. the l-ui*! <h'»ultl 

m 

be placed as shown in Fig. 115; anri the maximum ^hear will then l>e 

F 
the left reaction, which Is /? = 2P -r ,^~ ^ '• ^**'" twi»wheel>. 

C '" 

and i? = 4 P (x + F -r .^) -^ /, for four wheels. 

The values of P for traveling cranes of various fa])a(ities ;in<l 
spans may be obtained up^n writ- 
ing to the various crane manufac- 
turing companies, whose addresses 
will be found in the advertising 
sections of the engineering peri- 
odicals. The distances between 
wheels may be obtained from their 
catalogues, which may be had upon 
application. The values of P, and 
the distances between wheels for 
cranes of various spans and ca- 
pacities, are given in Table XI\', 
which is made from information furnishiMl through the ('(inrtrsy of 
Pawling & Hamischfeger, Milwaukee, Wisconsin. 

The vahies in Table XV are taken from the "Transactions" of 
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Showing; Nntafloii us«m1 In 
Tab'.H XV. 
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the American Society of Civil Engineers, Vol. 54, p. 400, 1905. They 
are for typical traveling electric cranes, and are proposed by Mr. C. C. 
Schneider, one of the most distinguished of stnictural engineers. 

The side clearance B from the center of the rail, and the vertical 
clearance of the beam from the top of the rail, are given in this table 
(see Fig. 1 16). l^hese values for the cranes of different manufacturers 
may be obtained from their catalogues; and they must be known, in 
order that the crane shall not interfere with the columns or the roof 
trusses. 

If the nuiway girder is comjx)sed of an I-l>eam. a channel is 
usually riveted to its top; and on this the rail on which the crane 
wheels move is fastened down at intervals (see Fig. 107) of about 
2\ or 3 feet. Figs. 100 and 117 show details of this kind of girder. 
Note that the rails are U-shaped (see Fig. 105). This rail is used 
extensively, although in many cases the common T-rail is used and is 
fastened down by means of clamps an)und the edge of the flange of 
the girder (see Fig. 110). 

In case plale-ginlers are necessary for runway girtlers, they 
must l)e designed. The depth of these girders should be ^V ^^ I ^^ 
the distance between trusses or columns — that is, jV of their span; 
The depths must be in the even inch. For example, if the trusses 
were 10 feet apart, the depth of the girder would be 10 -^ 10 = 1.0 
feet, which is equal to 19.2 inches. The depth of the girder must 
then l)e made 20 inches, since, if it were made 19 inches, it would 
l)e difficult to obtain a web plate 19 inches wide, for the mills do not 
a^ a rule have plates of (xld-inch widths in stock. 

The thickness of the web plate is given bv the formula : 

S. d ' 
but in no case shall it be less than jV inch. In this formula, F„ 
is the maximum end reaction of the runway ginler. It is e(jual 
to R as given by the formula on p. 87, when x is ecjual to I — F, and 
d is the depth of the ginler, which is ecjual to the depth of the web 
plate, and «S\ is the unit allowable shearing stress. 

The flanges are composed of two angles, placed with the long 
legs horizontal in case unecjual-legged angles are used. The required 
net area of mw flange is given by the formula : 

A 



^fu, 



-S, (d-2)' 
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Fig. 118. Posillou of Tenth Points. 



in which 3/n, is the moment obtained when the wheels are in the 
position shown in Fig. 113, S, is the unit allowable tensile stress, and 
d is the width of the web plate. If the area A has been computed, 
two angles must be found from the tables in the Carnegie Handbook, 

such that when one |-inch or 
J-inch rivet-hole, as the case 
may be, is taken out, each angle 
will give a net area equal to or 
slightly in excess of the area .1. 
These flange angles must be 
riveted to the web by rivets 
placed a certain distance apart. 
For convenience of manufacture, the girder is divided into ten equal 
|>arts, and the rivet spacing l)etween any two of these divisions — or 
tenth-points, as they are called — is kept the same. These tenth- 
points are numbered (see Fig. 118). The rivet spacing in the first 
division is the 
same as that com- 
puted for the end 
of thegirder, which 
is the zero tentli- 
j)()int; the rivet 
spacing in the sec- 
ond division is the 
same as that coin- , 

pute<l tor tlie 1st fIi?. lli>. Dfterminution of Distance between Gauge Lines. 

tenth-jK)int; and 

so on. The rivet .spacing at any point is given by the formula: 
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^ ( /J ^ (w) 



in wliich, 



Vx ^ Maximum shear at the point; 

r - Maximum allowable stress on one rivet; this will be the bear- 
ing value of the rivet in the web phite (see Table X, p. 47); 
I* Maximum reaction of one erane wheel (see Table XIV or XV;; 
//^ - Distanee between gauge lines of the angles. 

In case there are two gauge lines on the angle, tlicn the distance h^ is 
the distance between centers of these gauge lines (see Fig. 119). 
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Table IX, p. 46, gives the gauge lines for different lengths of angle 

legs. If S gives a value less than 2 J inches, the leg of the angle against 

the web must be 5 inches or more, on account of practical limitations 

of manufacture. 

20. Examples. In order to illustrate the prec*eding methods, 

two problems will be worked out. . 

1. Design a runway girder for a 5-ton crane of 40-foot span, the 
wlieel loads and wheel base being as given in Table XV, p. 87, and the dis- 
tance between trusses 20 feet. 

In order to produce the maximum moment, the wheel must be 
placed as shown in Fig. 120. The left reaction is 12 000 (2.125 + 
10.00 + 3.625) -^ 20 = 9 450. The moment under wheel 1 is 
9 450 X 7.875 X 12 = 894 000 pound-inches, which requires a sec- 
tion modulus of 894 000 -r 15 000 = 59.60. Looking in the Car- 
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Fig. lao. Position for Maximum Moment Fig. 121. Position for Maximum Moment 
for Problem 1 on Page 91. for Problem 3 on Page 91. 

m 

negie Handbook, pp. 97 and 98, it is seen that a 15-inch 42-pound 

I-beam with a section modulus of 58.9 will be sufficient, since the 

section modulus is less than 24 per cent under that recjuired. 

2. Design a runway girder for a 30-ton crane of 60-foot span, the 
wheel loads and wheel base being as given in Table XV, and the distance 
between trusses 20 feet. 

The wheels are placed in position as shown in Fig. 121. The 

,- . . 52 000(12.75 -f 1.75) _ .,^ , , , . 

left reaction is — r- = 37 700 pounds; and the 

maximum moment, which occurs under wheel 1, is 37 700 X 7.25 X 
12 = 3 2«S5 (KK) pound-inches. The maximum shear occurs when 
the wIhh»Is are in jxKsition as shown in Fig. 112, p. S5, and is 75 400 

75 400 

iKHimls. The iruuircil thickness of the web is - r- ^i = 

* * 10 000X24 

0.314 inch, the depth being 20 -r 10 = 2 feet = 24 inches. The 
web will be made 24 inches wide and f inch thick. 
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The rtHjuirtxl net flange area is - — = 9.97 square 

inches for two angles, or 4.99 square inches for one angle. An angle 
G by () by i-inch gives a gross area of 5 . 75 square inches and a net 
area of 5.75 — 0.50 = 5.25 s(]uare inches, one |-inch rivet-hole being 
taken out of the section. Since this area coincides quite closely 
with the recjuired area and is larger, it will be used. A 6 by 3^ by ?- 
inch angle would have l>een l>etter in regard to area, but the rivet 
spacing is less than 2| inches at the end, and this recjuired a double 
gauge line and therefore a leg 5 inches or over. 

'Vhv maximum sliears at the tenth-iK)ints an* now computeil, 
and arc tabulated its follows: 

Vt, = 75 400 i>ouiuls. 
\\ = 65 000 
\\ = 54 600 



<< 



It 



it 



T% = 44 200 
\\ = 33 SOO 
\\ - 26 000 



The value of the shear to l>e used in any particular case is given 
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alK)vc. In this case, P ---- 52 (KX) jhuukIs; ng. 123. Determination of 

V - (> 570 iH)un(ls, i-inch rivets being ust^l ; '^^^'« ''' '^^^'^*•^^•^• 

and //pis 24} — (2 X 2 J + ;/)= l<Sl inclics. Tlic rivet spacing for 
the first division or first two feet of the span is: 

S , - - ' -, - - l.PJ."). sav \\ imlics. 

/75 4()()\- /^)2 0()0^-■ 

The rivet spacing for the other divisions may be computed by the 
student. It is given in Fig. 122. The web of the girder should be 
stiffened as shown in the figure, by angles place<l as there indicate<l. 
The thickness of the angles should not be less than ,"',5 inch, nor 
greater than i inch. The size of the angles should be such that the 
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outstanding leg does not reach beyond the leg of the Atinge angle 
(see Fig. 123). This makes their size as shown in Fig. 122. The 
crane rail may be connected directly to these and the flange anj^es; 
or a channel may I>e placed over the flange angles and riveted to them 
in a manner similar to that employed in the case of I-I>eams, the 
crane rail being fastened 
^-O' to that. If this latter 
<<^^\^ detail is employed, the 
area of the channel is 
reckoned as forming part 
of the upper flange; and 
the net area of the angle 
must then be equal to the 
ra^uired net area, less the 
net area of the channel. 
27. Ventilators. MiU 
buildings may be venti- 
lated by means of small 
circular ventilators such 
as shown in Fig. 69, p. 
41, placed at certain in- 
tcr\'als along the ridge or 
jwak of the roof, or by means of monitors as shown in Fig. 71. The 
sides of these monitors may be fitted with .swinging glass windows, 
with wooden or metiil louvres, or, in case a large amount of ventila- 
tion is required, may lie simply left open. Fifp. 124, 12."»,and 126 give 
details of monitors, and show how they ore connected to the trusses. 
28. Gable Details. The j^iible is the end of the roof at that end 
(jf the buiklinf; which is piirallel to the roof trusses. Since this extends 
beyond the plane of the side of the Iniikling, some method must be 
enipliiyed in cimneetiiig the outer edge with the wall of the building, 
in order lo keep uul the rain and wind. Fifjs. 127 and 128 give 
several detiiils wliieli are efhcient and al the same time economical. 
2'X Cornice Details. The cornice is thiit edge of the rtHtf which 
is pcr|Hn)dieiilar to the |»lanes of the rouf trusses. In addition to 
beuig necessarily .so coiislructed as to keep out the wind and the 
elements, it must have in many cases some form of gutter connected 
to it, which takes the water off the roof. This gutter should L>e coQ- 
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Fig. lao. Cornice Details for Steel Roof. 
See also Figs. 129 and 131. 
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Fig. 184. Detail of ander Floor. 

nected at intervals of 
every three bays — or, in 
case this, exceeds 50 feet, 
every two bays — ^with a 
pipe or conductor to carr}' 
the water to the ground. 
Gutters, as a general 
thing, are semicircular or 
nearly so; and for ordi- 
nary spans they should 
not be less than 6 inches 
wide. Conductors should 
not be less than 5 inches 
in diameter. It is not 
to be supposed that the 
water entirely fills either 
the conductors or the 
gutters. The sizes are 
made so as to allow for 
any obstruction such as 
dirt or ice. Gutters 
should preferably have a 

pitch of one inch in every 10 feet. Figs. 129 to 131 give details of 

cornices with various forms of gutters attached. 

The ridge, or peak of the roof, is usually covered with a plain 

sheet of metal, in which case it is called the ndgt cap; or with a 



Fig. 181. Cornice Details for Steel Roof. See also 
Figs. 129 and ISO. 




Fig. 132. Ridge Cap. 
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metallic roll with flared sides, in which case it is called a ridge rolL 

Figs. 132 and 133 show cross-sections of a ridge cap and a ridge roll. 

30. Floors. The floor of the shop depends very largely upon the 

purpose for which the building is intended. It may consist of earth, 
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cinders, hoards, concrete, or sheet steel. In cases where men are 
rcfjuired to work standing, cinders or boards give the \yesi results. 
Earth floors will wear into holes in places where the men stand, and 
concrete or steel makes them foot-wearv on account of its inelasticity. 
Where heavy machinerv is installed, and men are seldom present 
except for a short time at certain periods, concrete makes an ideal 
floor. Figs. 134, 135, and \'SC) show details of various kinds of floors. 
Fig. 137 gives a detail of the floor in the Steam Engineering Labora- 
tory of the I'niversity of Illinois. This consists of channels imbedded 
in concrete. These channels, which are placed in pairs a small dis- 
tance apart, run both lengthwise and crosswise of the shop. The 
advantage of this form of construction is that machinery can be 
placed anysvhere on the shop floor and cjuickly bolted into place 
by means of T-bolts, a detail of which is shown in the figure. 
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COST-ANALYSIS ENGINEERING 



Definition. Cost-Analysis Engineering is that bmnch of Engi- 
neering which has for its object the analysis of costs of construction 
or of operation, with a view to effecting a greater economy of pnKlnc- 
tion, and with a view to securing accuracy in estimating the prol)al)le 
cost of projected structures or operations. 

The Modern Manager a Cost-Analysis Engineer. It takes few 
men to design machines and structures, but it takes many men to 
superintend their operation. Therefore the great field of activity for 
the engineer of the future is in the field of operation rather than of de- 
sign. 

Until very recent years, engineers have rested satisfied with being 
designers of labor-saving appliances. Now, however, they are Ix^gin- 
ning to assume the broader and more profitable function of oj)erating 
the plants which their brains have created. To handle the ordinary 
industrial enterprise successfully, involves: 

First, the application of engineering ability in selecting and improv- 
ing the machines used; 

• Second, managerial ability in organizing the workmon, and in rtimii- 
lating them to produce a large output economically; 
Third, advertising ability to sell the product. 

The man who combines in himself the maximum sum of these 
three abilities is the man best adapted to succeed as the executive of 
an industrial enterprise. Since the introduction of systems of cost 
analysis and unit-payments for work done, engineers have l)ecome 
best qualified to act as managers of manufacturing plants. We in- 
clude contracting and railroading among manufacturing industries, 
for the contractor manufactures stnictures, and the railroader man- 
ufactures transportation. 

Before cost analysis had been developed to its present stage of 
excellence, the successful manager of men was usually one who had 
relied upon his lynx eyes and his knowledge of the weaknesses of hu- 
man nature. lie was often a man who owed his success largely to 
the fear he could inspire in his subordinates. lie was domineering; 
he held his men to their tasks; he was, indeed, an industrial captain; 

Copyright, I90fi, by Anurican School of rorrf«pondfnce. 
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and he used army discipline. He regarded every worker as a*thief 
who wouhl not hesitate at petty larceny of time, even in the face of the 
foreman, and who delighted in grand larceny behind his back. His 
foR»nien wert» his spies; and he set himself to spy upon his foremen. 
But cost-analysis engineering is evolving a wholly different class of 
managers and fort»men. 

To most p(*ople, a cost-keeping system means nothing but a sort 
of lK)okkwping; and they are unable to understand how a bookkeeper 
can develop into a successfid manager. But the truth is that modem 
cost ktH'ping involves cost analysis, and cost analysis involves a study 
and conijmrison of metho<ls and machines, and such a study leads to 
improvements and to commercial suctvss. 

Cost kt^'ping, in the sense that we use the term, has for its main 
object the determination of the efficiency of men. A proper system 
of cost kt^'ping tells you <laily what each workman or each gang of 
workmen has accomplished. It is l)etter than a foreman, for it can- 
not **stan(l in'' with the men. It is l)etter than a foreman, for it costs 
you less and it tells you more. A cost-keeping system tells you who 
are your gcMul men, and who are your lazy men. It shows you whom 
to discharg(\ and wliom to promote. It tells you whose wages are too 
high, and whose arc not high cnougli. And, finally, it leads to that 
i<lcal condition of in<lustrial organization known as profit-sharing, 
llow often have wc read in novels of Utopia, where all men share in 
thv profits of all business; and how often have we smiled with incre- 
(hility at the prosjXMt ? ^Vt I'topia is right here in America, in spots; 
and it is a I'topia far more rational than that of the dreamers. There 
are many firms that pay their men on a unit-price or Ikhuis system. 
This is profit-sharing, an<l it is a profit-sharing U'gotten by the use of 
cost-keeping systems; for, when a manager has learned by cost keep- 
ing that certain men or groups of men produce more than others, he 
soon |HTceives the advantage* of stimulating them to further use of 
brain and nuiscle by paying them either a bonus for each unit pro- 
(hiced in excess of a prescribed minimum, or a unit-pric»e for each 
piece of work j)erformed. '^Fhc men invariably respond to this stim- 
ulus, and often in a remarkable degnn*. It is nothing unusual for a 
man to increase his output 50 per cent upon the intnxluction of a 
bonus system of payment; and there are many instancies of increase 
amoimting to 200 per cent. Each man then becomes a contractor. 
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and works with the zctil of a contractor, for his earnings increase as 
his energy and ahihty increase. This is practical [)rofit-sharing that 
any workman can understand. It is not something vague and intangi- 
ble, like 5 per cent per annum. It is something very real and imme- 
diate, for a man can feel it in the pay envelope at the end of every week. 

Cost keeping, then, leads to l)etter management, although dis- 
j)ensing largely with submanagers. It substitutes the record card for 
the **big stick, *'yet the rc^cord card itself is the biggest stick ever devised. 

The Science of Management. The managing of industrial enter- 
prises is still more or less of an art; but the art is fast passing through 
the jx*riod of evolution that produc(\s a science. There are, un(|ues- 
tionably, ct»rtain underlying principles of management which can l)e 
summari/xHl into rules or laws. These rules or laws constitute the 
scienc^e of management, and it is our purpose to prt\sent certain of the 
more important' laws of management. 

Individual Incentive. When a group of men undertake to do a 
certain piece of work, such as shoveling earth into a wagon, the ten- 
dency is for each man to do as Kttle as his neighbor. The inevitable 
result is that the shovels move with rhythmic prec»ision, and the slow- 
est man l)ecomes the pacemaker for the rest. If any one of the men 
is ambitious to do a largt^r day's work, he is deterred by the knowledge* 
that his employer will never know that it is he to whom the credit 
is due for a largt*r output. Then, too, the other men an* apt to u\>- 
braid an ambit'unis man, and urg(* him not to set a *'bad example'* by 
working fast. To offset this tendency to fall to the lowest level of 
efficiency, employers have placed foremen over their employees, the 
duty of these fon»men being to accelerate the motions of the men in any 
way possible. Each fortMuan has an individual ince7itivc to get work 
dcme economically, for his employee studies the total amount of work 
done by the gang imder the fon^mnn, and rewards or punishes the 
foreman accordingly, the n'ward usually consisting of praise and an 
increase in salarv. But the workmen under such a foreman have 
no indii'idual incrniivc, and they will shirk their tasks as far as pos- 
sible. Clearly, then, the first law of management is to create an indi- 
vidual incentive for ever}' employee to do his best. 

Creating Individual Incentive in a Gang. There are, and 
always will Ix*, certain kinds of work that nuist 1k» |)erforme(l by a 
group of men working togt»ther, or, as we shall call it, a gang of men. 
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When this is the case, the first step to !)e taken is to devise a method of 
rt^adily an<l accunitely measuring the work performed each day — 
not each week or each montli — hy the gang. The next step is to notify 
the men that, for all work performed daily in excess of a specified 
numl)er of units of work, a lx)nus or premium will be paid for each 
excess unit. Of this l)onus, the foreman will get a specified percent- 
age, and the men will divide the rest among themselves. Thus a pow- 
erful individual incentive is created. It is true that certain men in the 
gang will remain less efficient than certain others, but the general 
average output will be greatly increased. The foreman himself will 
have enough inc^entive to see to it that the lazy or inefliicient workmen 
in the gang art* discharged, for it will no longer pay him to play the 
jxirt of indulgi^nct* for the sake of l)eing **a good fellow." 

Devising Ways of Dispensing with Gang Work, Simply [be- 
cause it has alwavs l)etMi the custom to do certain classes of work by 
g-angs, should not deter a manager from endeavoring to devise a way 
of splitting the gjuig up into individual units. Indeed, it should be 
st*lf-<*vidont that if the creating of individual incentive is the funda- 
mental law of management, a great amount of study may profitably 
Ik* (lovot(Ml to incH'asing individual incentive by doing away with gang 
work mtirt'ly. To ilhistratc, let us assume that 12 men an* engaginl 
in sliovcling earth into wagons, working in two gangs of men, with 
one foreman su|K'r\isiiig the 12. If a sulHeient numl)er of teams and 
wagons an* used, then* will always U' 2 wagons in the pit lK*ing loaded, 
and <> men shoveling into each wagon. As fast as a wagon is loa<led, 
it pulls out, an<l an empty one takes its place. If a manag(*r is told 
that he can do awav with this svstem of gang work, he will usuallv 
reply that it is impossible. Nevertheless, it is possible to n'duee this 
gang work to individual work in most instan(vs, as follows: 

Instead of having 2 wagons an<l teams in the pit all the time, have 
() wagons without teams — (> empty wagons. Assign two men to each 
wagon. Provi<le a dividing board lK'twt*en the sides of each wagon, 
runnin<r either louiritudinallv or cn>ss-wise, so that each man has his 
ilefinite half of the wagon to fill. Then pair the men off according to 
their n\s]XMtive abilities, putting the two In'st men on one wagon, the 
two next Invst on an<»thcr wagon, jind so on. When a team brings an 
empty wagon into the j)it, let it U' unhooked from the empty wagon 
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and li(K)ke(l to a loaded wagon, tlius saving team time, whieh would 
otherwise l)e consumed in waiting for the wagon to be loaded. 

It is passible to give many illustrations of this sort, but not desir- 
able, for our object is to indicate the laws that should be applied, 
rather than to solve specific problems. The student of cost-analysis 
engineering will derive his greatest stimulus from applying the laws 
to specific cases that come under his own observations. 

Prompt Reward. Most men believe in Heaven, and many Ix*- 
lieve in Hell; but few are greatly affected in their action by the hope of 
the one or the fear of the other. Any reward or punishment that is 
remote in the time of its application, has a relatively faint influence in 
determining the average man's conduct. To be most effective, the 
reward or punishment must follow swiftly upon the act. Hence a 
managerial policy that may be otherwise goo<l is likely to fail if there 
is not a prompt reward for excellence. All profit-sharing systems have 
failed, principally because of failure to recognize the necessity of 
prompt reward, as well as because of failure to recognize the necessity 
of individual incentive. The lower the scale of intelligence, the more 
prompt should be the reward. A common laborer should receive at 
least a statement of what he has earned every day. If, in the morning, 
he receives a card stating that he earned $2.10 the previous day, he 
will go at his task with a vim, hoping to do better. But if he does not 
know what he has earned until the end of a week, his imagination is 
not apt to be vivid enough to spur him to do his best. 

One contractor, known to the authors, has a large blacklx)ard on 
which the hourly record of his brickmasons is chalked up. He has 
found that this constant record of where they stand in the day's ract* 
is a splendid stimulus. 

Sufficient Reward. When a man produces more than has been 
his custom, he feels entitled to a very large percentage of his increased 
output. His sense of justice is keen on this matter, and rightly so. It 
is true that he is not entitled to all the increase, for his employer may 
have provided him with machines or tools of a better kind, for which 
payment must ultimately be made. Moreover, more rapid work with 
any machine means more rapid wearing-out of its parts, and a conse- 
quent expense to the employer. Finally, the employer who has used 
his brains to devise ways of increasing the output of the employees is 
entitled to a very substantial reward. No one begrudges Thomas 
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Edison his w»'altli. lie has earned it by virtue of his inventions. 
In like maniuT, even- man shoiikl lx> richly rewanled for ever}- lal)or- 
saving machine or method which he creates or which he applies. 
However, employers are prone to try to take too large a part of the 
profit effectiHi by an introduction of a system of unit-payment for work 
(lone. 

Mr. Fred W. Tavlor savs that a workman should receive 30 to 100 
|XT cent increase in wagi\s u{X)n the introduction of a piece-rate or 

Ikmuis svstcm of pa\Tnent. Mr. Halsev savs that the workman should 

• I • • • 

receive one-thiril of increased x-alue of his product resulting from an 
applicjition (^f the l>onus ()r premium system of jxuTnent. But the 
fact is that the eniplowr should shan* lilx^nilly with his men; and, in 
the long nui, the comj)etition of other employers who are bidding for 
the ser\ict\s of workmen will forci* wages up to a point where the work- 
man stx'urt\s all but a very modenite jx^rcentiige of the N-alue of his 
daily product. 

Educational Supervision. As previously stated, the old tj-pe of 
foreman mingles the functions of a spy with the functions of a mule- 
driver. The higher we go in the scale of human intelligence, how- 
cvvT, the nion^ noticrablc is th<» fact that fhr .wprrviftors arc Icachrrs 
of the mm ihnj supervise. Th( sc snix^rvisors, fortMiien. managt^rs — 
call them what you may — have horned that it piiys Ix^tter to sjX'nd 
time in training their \wv\\ tluui to sjx^nd time in tongue-thrashing. 
Onlv of late vcars has it Wvw (HscovcrmI that svstcniatic traininsr of 
the least intelligiMit of workmen pays equally as well as the training of 
tlie most int(*llig(Mit. The nianagtM* who ivcognizes the necessitv of 
edueationaJ su|HM*vision, undertakes, first, a can^ful time study of each 
class of work. TIumi Ik* analyzes the n\'^ults, and deduces meth(Kls of 
securing gn^iter economy. Having evolved a meth(xl of procedure, 
he hmIuccs it to writing, and furnishes his foremen with detailed 
written or printed instructions to Ik* followed, or, where the workmen 
an* intelligtMit enough, the instructions air given to them directlv; 
otherwise it is tlu* function of the fc^renian to instruct the workmen. 

Divorce of Planning from Performance. We have just six)ken 
of the education of the workmen by the managtT; but, l)efore such 
education is possible, the manager must educate himself. In brief, 
he nuist study the problem and plan its most <»eonomic solution. 
According to the old-style method of management, each foreman was 
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left largt»ly to his own n^sources in planning methods, and, added to 
this duty, he had several other duties to perform, such as **pounding 
the men on the back" when lazy, seeing that materials were promptly 
supplied, employing and discharging men, looking after the condition 
of machines, etc. This multiplicity of duties can l)e properly per- 
formed, only by a foreman possessed of a multiplicity of talents. 
Since few foremen can comply with such a specification for brains, it 
follows that good foremen of the old style are rare indeed. The mod- 
ern system of management consists in taking away from the foreman 
the function of planning the work, and in providing a department that 
does all the planning. This plaiming department should be under 
the supervision of the Cost-Analysis Engineer, for it is he and his 
assistants who, by unit-timing of work and by cost keeping, are best 
able to ascertain what methods should be applial to get the most eco- 
nomic results. Having planned a method, the Cost- Analysis Engineer 
delegates its performance to one or more foremen. 

Subdivision of Duties. The previous rule of action comes under 
another, still more general in character" — namely, the law of the ftuh- 
division of duiies. Men are gift«l with faculties and muscles that are 
extremelv variable. One man will excel at runnini; a rock drill, an- 
other at kei^ping time, another at surveying, and so on. It is clear, 
therefore, that the fewer the duties that any one man has to perfonn, 
the easier it is to find men who can perform the task well. But give a 
man many duties to perfonn, and he is almost certain to do iKK)rly in 
at least one respect, if not in several. One foreman may have a great 
knack at '^keeping an eye on" machinery, and in having few break- 
downs and delays. Then it is the jKirt of wisdom to burden him with 
no other duties, unless the magnitude of the work does not warrant 
dividing the duties among two or more men. I At him be the machinery 
and tool foreman, reporting directly to the (^xst-.Vna lysis Engineer, 
and subordinate to no other foreman. 

Another foreman may have a sjKHMal knack at teaching workmen 
how to use tools and machines. I^*t him have no other dutv but to see 
that the men have the proper tools, get them promptly, and use them 
projK^rly. Ix't him be the ffanf/ foreman. 

Acconling to the magnitude of the work, there may be different 
kinds of foremen, all coining in contact with the same men, jhtIkiixs, 
but each performing different functions. 
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Limitations of Military Organization. Most industrial organi- 
Ziitions to-ilay roseiiible military organizations, with their generals and 
intennediate officers, down to sergeants, each man reporting to but 
one man higher in rank. There is little doubt that the present tend- 
ency in iiidustrial organizations is to abandon the miUtary system 
to a very large extent, and for the following reasons: 

A soldier has certiiin duties to perform, few in number, and simple 
in kind. Hence the man directly in command ean control the actions 
of his sul)ordinates easily and effectively. Control, moreover, stioukl 
come invariably from the same officer, to avoid any possibility of (lis- 
astrous confusion, and to insure the instant action of a body of men as 
one sifujlr mass. 

On the other hand, industrial operations do not possess the same 
simplicity, jmrticularly where men are using machines; nor is there the 
necessity of action in mass. The military organization, therefore, 
should be m(Hlifie<l to suit the conditions; and one of these modifica- 
tions is the intnxhiction of two or more foremen in charge of certain 
functions or duties of the same men or groujxs of men, as explained in 
the |)iiragraph on Subdivision of Dtdies. 

Opposition to Change. All men have a certain mentiil inertia 
wliicli makes them resist any diange of their methods and habits. 
Foremen are iKirticularly resistant to change, because of their custom 
of giving ord(Ts more fre(|uently than receiving orders. Hence the 
Cost-Analysis Engineer who is trying to intnxluce mcKJern methods is 
sure to meet with violent opposition from foremen; and the older the 
foreman, the more vi(^,lent the opposition. When the Cost-Analysis 
Engineer intnHJuees a new methcKJ, he must personally attend to every 
detail, or it will surely *'go wrong/' The old foreman will see to it 
that it does "go wrong, '* just to show that the "new-fangled ideas'* are 
worthless. 

Opposition may also develop among labor unions, particularly 
if it is propostnl to pay on the piece-rate plan — that is, to pay so and so 
much for each unit of work perfornuHl. The bonus plan and the pre- 
mium plan (to be describc^l later) are schemes to overcome this opposi- 
tion to the pi(Me-rate plan, but in essence they are all the same. 

No manager of men can attain great success uidess he has grit 
enough and tact enough to overcome the opposition t(» change which 
he will encounter from all (juarters. If he realizes in advance that 
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such opposition is as certain to manifest itself as it is certain tliat it 
takes power to change the direction or speed of motion of a heavy body, 
he will have possessed himself of one of the laws of successful manage- 
ment. 

A man cannot impart motion to a verv heavv rock hv violent 
imj)act of his own IkkIv against it; but he can separate it into frag- 
ments, and move each fragment by itself. In like manner, no attempt 
should be made to change all the metho<ls of an industrial organiza- 
tion at one stroke. Sepjirate it into elements, and take one element at 
a time, beginning with the simplest. Apply your cost-keeping sys- 
tem to that element — it may l)e only the hauling of materials with 
teams — and effect the change desired. Then take another element of 
the organization, and apply the system to it. (\)ntinue thus, frag- 
ment by fragment, and you will overcome the opposition that 
would otherwise resist your greatest effort. 

Respect Your Own Ability. One of the most common mistakes 
made by managers lies in assuming that a skillwl workman necessarily 
knows better how to perform work than does the manager himself. A 
manager should first aun to familiarize himself with the metho<ls used 
by the best workmen, and then, by an itemized time study, he shoukl 
set his own wits to work to improve the methods. Workmen, for the 
most part, do their work just as robins build their nests — by the pat- 
tern of precedent. They put little or no brains into improving the proc- 
ess, bec»ause it usually mt*ans no money in their pockets to effect an 
improvement, and because they reason that an improvement that 
effects a siiving in time may actually result in the discharge of some of 
their fellow workmen. It should be a cardinal law of management to 
give very little weight to the claims that workmen make as to their 
own skill or knowledge; and the same hokls true as to foremen. Be- 
cause a man has blastt»tl rock for twentv vears, should not make his 
o])inion of such force as to prevent a manager from undertaking to 
show that man how to do rock-blasting more economically. We have 
frefjuently efft»cted great economies in rock-blasting after a time study 
occupying fewer weeks than the blaster had occupied of years in the 
same sort of work. The trained mind of the Cost-Analysis Engineer 
enables him to analyze costs and metKcxls, and to develop improve- 
ments which no amount of so-calletl ^'practical exjXTience" can effect. 

Weigh carefully every rcamn against any i>rojx)sed change in 
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method, and act aeconlingly; but pay no attention whatsoever to pre- 
dictions of faihire that are Imre of reasons. Do not be influenced even 
by many positive statements tliat your proposed method has l)een trie*! 
and has failed; for its failure may have been purposely l>rought alx)i:t, 
or some small condition essential to its succe.ss may have been absent. 

Therefore, resjnxt your own ability. The manager who cannot 
improve upon methods used by his men is not fit to manage. 

Profit Does Not Mean Excellence. Many a manager jxiints to the 
profits of his business as the profit of his ability. lie forgets that to a 
plainsman a small hill looks like a mountain. The general level cf 
me<li(KTity makes such managers fancy that they are (juite extraordi- 
nary if their business shows a large profit. 

The Cost-Analysis Engineer can fre(juently take a jirofi table 
business and convert it into a wealth-producer beyond all dreams of 
the ordinary self-satisfied manager. Nor should the Cost-Analysis 
Engineer himself grow satisfied. There is jxmlivclij no limit to the 
economics in pnxliuiian which may be cfjccicd by the human brain. 

The Human Engine. The human body is an engine, or rather a 
lK)iler and engine combined. Its fuel is about .'^ pounds of solid food 
daily, containing about as much energy as one jK)und of carbon or 
coal. ( h\c pound of coal will develop energy enough to perform about 
10,(MM),()0() fo()t-|>oun(Is of work; that is, it will raise 1(),()()(),()()() pounds 
one foot high, if there is no loss of power. Hut in all lioilers and engines 
there is a loss of power, due to heat lost bv radiation, heat carried awav 
in the esea|)ing gas(\s and solids, etc., and heat develo|K'd by friction. 
A steam boiler and engine suffers so nuieli loss of heat energy from 
th(\se sources, that it rarely (levelo|)s an eflicienev of more than H) jkt 
cent of the theoretical ener<;v of the coal consumed. Curiouslv 
enouirh, the luunan IkxIv is not nnieh more efficient than a steam 
boiler and engine; so that, while the one pound of carbon fed into the 
human Ixxly lias a theoretical energy of about l(),()(Kl,(X)()foot-[)ounds, 
the actual useful work performed bv a man is seldom more than 
1,.")(K),(M)() foot-pounds a day, or about lo per cent of the theoretical 
energy of the focxi consumed. 

When a man is walking, his whole body rises and falls each step, 
the rise being about one-seventh of a foot. Hence, in walking 25 miles 
in a day, about 2,C)00 steps per mile, a man weighing 140 pounds does 
1,000,000 foot-pounds of work in raising the weight of his own body, 
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to say notliing of the energy consunieil in swinging his h*gs. A man 
may walk the 25 miles in 10 hours, or he may walk it in s hours. In 
either case, he does substantially the same amount of work, and bums 
up substantially the same amount of food. 

It should be clear, therefore, that when workmen are doing inter- 
mittent work, with periods of comparative rest, they are capable of 
working correspondingly liarder during the periods of exertion. Thus, 
in nmning a rock drill, the physical labor is light, exc^ept when shifting 
the drill or when dianging drill bits. At such times, the men should 
!x* ret|uired to work with great vigor in onler to reihice the lost time. 

It should also be clear that workmen should Ik' taught to make no 
unnetrssary movements of the IxkIv in doing work. Vet it Ls a fact 
tliat few w^orkmen economize their energy' by avoiding unnecessarj* 
motions. 

It should also be clear that it i>ays to house workmen at no great 
distance from their work, so as to reduce the lalK:)r of going to and 
from the work; for every f(X)t-ix>und of energy- s[H*nt in going or com- 
ing reduces by that much the available energy of the man. 

If it were practicable to measure the amount of resistance in- 
volved in doing each class of physical work, we could readily re*luce 
to a science the setting of reasonable daily tasks. Ilie authors are of 
the opinion that a careful study of rcjfi^tanccjf will eventually enable 
managers to fix certain tasks with great accuracy. To illustrate, let 
us a^ume that it is dcsiretl to know how much sand a workman should 
l>e able to shovel into a wagon l)ox 5 feet from the ground in a clay. 
ft is not impracticable to measure tlie force refjin'n-«l tu push the .shovel 
into the sand, and the distance pushed. The average weight of the 
earth on a shovel, and the weight of the shovel can In- ascerfainrtl. 
The vertical height that this load is liftc^il, i.> esisily nifasun-^l. If th.? 
workman bends his IkxIv to fill the shovel, the weight of his U^rl v aUne 
the waist, multiplied by the height that the center of gravity of that 
weight travels will give the f(K>t-|>ounds of wrjrk done in U-nrliug tlu- 
body. And tlius, by a calculation of each elm u-nt of work rlon«-, an 
accurate forecast of the total jKissible work could U: mad*-. 

Sych a study as this will often disilose an iiii.sij>j>«-rt#^l lark i,f 
economy in using certain tools. From such a sturly, fr^r #xam[il«-, it Is 
perfcKrtly clear that the long-handletl shovel, univ#T-aliy uw-^i in iUc 
far West for shoveling sand, gravel, etc., is a more economic al f'^;l than 
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the short-ham lied shovel usee! in the East. Men have argiieil al)out 
this matter for years without coming to a definite conclusion, the 
reason being that workmen accustomed to the short-hand let! shovel 
prefer it, while workmen accustometl to the long-handled shovel show 
an ecjual preference for that type of tool. 

COST GETTING 

In taking of time ^nd in the application of the cost of lalx)r to 
the cost of work, there are probably as many systems as there are or- 
ganizations doing work; and even within any one organization using a 
well-ilefined system throughout its entire ojjerations, there will be no 
two men making the same interpretation of the rules laid down, or 
— more esjHxially — whase methods of attack will be the same. But 
in spite of these many variations of method, there are several primary 
svstems which are sUmdard, and which can be found in one form 
or another on all proj>erly conducted work. 

The stiirting point of all cost getting is the taking of the time in 
the field, and it is here that the greatest variation in individual method 
is found. The most common way of taking this time record from 
which the pay-roll and the cost distribution is made, is for the time- 
keeper to go over the work with a notebook and put down therein with 
a pencil (he number of each man and the particular part of the work 
that he is engag(Ml on. 

Two systems of record keeping, of which stnall cards form the 
basis, are also in vogue. One of these systems uses what is known as 
punch-curds — that is, cards in which the records of time, distribution, 
and performance arc made by means of an ordinary conductor's 
punch; and tlic other has the record made in a way somewhat similar 
to the entries in a notebook — a written record being made on the cards 
with a pencil. Another system bases its records upon rejx)rts turned 
in bv foremen. 

Time-Keeper with Notebook. While the manner of taking time 
with a notebook varies according to the training and experience of the 
time-keeper, it may be said that there are in general two ways in which 
such notes arc kept. In the first, the time-kee|K*r has a list of the num- 
bers of all men on the work, and, as he goes over the work, simply 
checks oil* the numbers, showing that cacii particular man is at work 
and indicating upon what branch of the work he is cngage<l. 
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A more common way, however, is for the time-keeper to make 
headings corresponding to the distribution used in making up the 
office records, and to write under each of these hea<lings tlie numbers 
of the men working upon the part of the work so named. Tliis 
method is often simpHfied by the time-keeper becoming so familiar 
with the foreman, and the numbers of the men under tlie particular 
foreman, that he is able to dispense with the headings entirely, and 
simply use the foreman's name or number in place of it. This, of 
course, makes the time-keeper's notes more or less unintelligible to 
anyone but himself, and makes it necessary for him to do office work 
as well as his field work. Moreover, not l>eing a permanent or intelli- 
gible record, it is impossible for even the man who made the notes to 
return to them in case any dispute arises or a mistake is found to have 
been made, and get information after the notes have **grown cold." 
The time-keeper becomes so familiar with the appearance of the men 
who are on the work, that he learns to know their numbers, and often 
attempts to put them doiili without seeing their numl)ered checks. 
This is often a source of error, as the uneducated foreign laborer is very 
liable to make a mistake in stating his number; and if he does, there 
will exist no record of his having worked that day, and he will get no 
pay for it. The apportioning of the cost of his labor to any work that 
he may have been on, will also be the cause of trouble. 

Of course, the time-keeper's memory serves him if any men arc 
al)sent from the gang for any reason, and he is able to ask the foreman 
whether or not that particular man is working. A man may l)e away 
from the gang and l)e missed by the time-keei)er altogether. In this 
case, no chance is given for correction of the record, unless the time- 
keeper goes over the work again soon after; and the consequence is 
that costs will be in error, and the men will be short of pay at the end 
of the month. This is especially liable to be true when night work 

is being done. 

Men may be changed from gang to gang, or a whole gang may l)e 
changed from one job to another, and the time-keeper knows nothing 
of it unless he happens to be on the spot at just the right time. Such 
a change would not show in his time record; and while the men would 
get (T(*dit for their full time, the distribution of costs would be nnicli 
in error. The difficulty in recording such changes can be seen from 
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such items as the tninsjK)rtation and distribution of coal to various 
parts of the work, the transportii tion and handHng of stores, and num- 
erous other items which, while seemingly affecting the whole work, 
are directly chargeable to some particular operation. 

In many instances of distribution, the item of General Expenses^ 
which includes the expense of store-keeper, time-keeper, bookkeepers, 
clerks, and such office force as may be recjuirc^d, is rather difficult of 
disj)osition. Those items which are usually monthly, may l>e distrib- 
uted daily at a rate per day found by dividing the monthly rate by the 
numl)er of days in the month, or they may be lumped at the end of the 
month and apportioned to the various operations. If they are dis- 
tributed from day to day, it is rather difficult to tell just what propor- 
tion of them shoiild go to each operation, as the cost of any o{)eration 
is liable to vary greatly from day to day. If they are left to the end of 
the month, it is impossible to tell from day to day the exact cost of the 
work. 

Overhead Expenses are another source of difficulty. Under this 
heading can be placed all salaries which do not ordinarily appear upon 
the pay-roll, such as the salary of the General Manager of the work, the 
Chief Engineer, and the officers of the company, and such expenses as 
office rent, telephone, office furniture, stationery, etc. Just where 
(leneral Expenses leave off, and Overhead Exj)enses begin, is rather 
hard to determine, the line of demarcalion varying in almost all cases. 

One of the greatest troubles in distribution is caused bv over- 
time of men who are on a daily and monthly basis. Under the same 
head might be placed Tjost Foreman's Time — that is, the time which 
the monthly and daily men are |)ai(l for, and which produces no outjnit. 

TIME-KEEPER'S NOTEBOOK 

A page from a time-keeper's notebook is reproduced in Fig. 3. 
The necessity for an explanation of such a record is apparent. The 
work on which this record was made, was a job of rock excavation on 
which two steam shovels were being used, and the time and output of 
each shovel were kept separately. The record was made on the ITtli 
of the month. 

At the left of the page, within the curved line under the heading 
^'sh. 2," we have the names of the shovel crew and the numbers of the 
pit men. At the side of these names and numbers, i3 the record of the 
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parforinance of the shovel of the day previous, tlie 16th, the shovel 

runner liaving given it to the time-keeper while the latter was (in )iia 

first round on the I7th, Just below the reconi of the shovel, there are 

four nunil>ers under a heading DUcfi. In order to drain tlie shovel pit, 

it was necessary to use four men for cutting a diteh, and the time of 

thesemeniseliarged 

to the shovel. I'n- 

demeath the reconi 

for the No, 2 shovel, 

is the record of 

shovel No. ]. It is 

reconled in exactly 

the same way as the 

other reconi. 

In the center of 
the page, at the top, 
is the reconi of (he 
tlrill gang for each 
shovel. There were 
six drills working in 
gang No. 2; but the 
record does not 
show this clearly, Jis 
there are two 
columns of six num- 
bers each, one 
column lieing the 
driller's numl>ers, 
and the other lielng 
those of the drill 
helpers. Then there 
i.s a column of four 
numl)ers represent- 
ing the muckers. 




PiSW (mm a Time- Kipper's Nolebwik, 



The time-keejier know.s, of cour.se, which is which ; bu t if for any reason 
anyone else ihan himself had to use the notes in die office, they would 
lie useless. The nunilnT under the line is that of the man who 
carries bits to and from the blacksmith. The name of the fireman 
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of the lx)iler which furnishes steam to the drills is given, and the 
iiuml)er of his helper. " 

The record of gang No. 1 is given in the same garbled manner, 
there being 5 drillers, 5 helpers, and 4 muckers in the gang, besides 
the man carrying bits, the fireman (whose name is given), and his 
helper. It will be noticed that in neither gang is the name or num- 
ber of the foreman given, the time-keeper rdying upon his memory 
to make th^ record complete in the office. 

In the upper right-hand corner of the page, is the record of the 
blasting gang, in front of shovel No. 1. There are 5 men, including the 
foreman, whose number is given first. Within the ring is shown 
the number of, {X)unds of powder used on the previous day as reported 
by the foreman. The record reads '*on the IGth, 150 pounds of 30 % 
powder, and 750 jwunds of 40 %." 

Directly below this, midway down the page, is the rpcord of the 
men working on dump No. 1. The foreman's number heads the list, 
the numbers of his men following. 

Just to the right of the shovel records, and below the record for 
drill gang No. 2, is the heading "ngr. tr, j- 1 f' and the men whose 
numbers are under this heading are engaged in laying and repairing 
th(* narrow-t^autijr track for the (himp trains from shovel No. 1. Just 
Ik'Iow the middle of the pa^e, is a list of names and numbers utterly 
unintellitjible to anvone but the one who made it. The facts are 
tlieso: Difuovan is the man who looked after the storage of pow- 
(1(t; within the bracket, Xivk (the timt*-keeper, not knowing the 
last name, used his number, as well as the part of the name that he 
knows) is the blacksmith; and No. 72 is his helper; No. US helped 
the blacksmith for two hours, having been taken from the narrow- 
gauge track gang. The timekeeper had to depend entirely upon the 
blacksmith telling him this, or his record would have been incom- 
])]ete. The next three men whose names appear in this column were 
engaged upon rc^pairing a ()-inch pipe line; and die next two pairs 
within brackets, marked No. 2 and No. 1, are the pipe-fitters for 
the drill gangs and shovels No. 2 and No. 1 respectively. 

DISTRIBUTION FROAl TI Mn=KEEPER'S NOTEBOOK 

The time-keeper, having tid<en his notes over the entire job, sends 
them to the office so that the time may be posted for each man, and 
the distribution made. 
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The time-keeper goes over his notes, and picks out ihe items that 
are chargeable to drilling. In gang No. 2, there are <» drillers at .*>() cents 
per hour; G helpers, 4 muckers, 1 man carrying hit'^, and one fireman's 
helper, all at 17 cents, and one fireman at 2') cents. From the note at 
the bottom of the page, he knows ^although no one else would) that 
Z.^ar at 20 cents and No. 278 at 17 cents, were also with this gjing. 
This, with the foreman at $3.50 |>er day, figures to .S2f>.0^N. These 
are the charges that go directly to drilling, Wing the cost of time of 
the men actually engaged upon that operation and nothing else. But 
besides this, there must be apportioned to this cost a certain part of the 
Superintendent's salary, a portion of the lal)or on the fMnch water 
pipe and the whole water system, a portion of tlie time of the black- 
smith, the watchman, the storekeeper, the time-keej>er, clerks, the 
water boy, and numerous other items. 

In exactly the same way, the cost of the o{)eration of the steam 
shovels is figured. For in.stance. No. 2 has an engineer at >sl2."), a 
cranesman at $100, and a fireman at $75, a month, and pitmen at 
20 cents per hour, making the total charge of crew .S10.27. To this 
the time-keeper a<I<led $5.44 as the cost of digging the ditch that 
drains the shovel pit. To charge this whole amount ag:ii!ist tlie 
shovel for that <lay, is manifestly unjust, as the work of draining 
through this ditch will continue for many days, always facilitating 
the work of the shovel. The cost of suKscijuent days' work is less- 
ened, while the cost of this |)firticiilar day, as given with the $5.1 1 
charge against it, is entirely too high. The spreading of an item of 
this khid is an extremely difhcult matter, hut it must he (lone*. The 
steam-shovel cost must also have its projxirtional share of the charge* 
for Su|)erintendent, water system, blacksmith, etc. 

Tlie charge for narrow-gauge track is S14.S(i, In^'ng the tini<» of 
one foreman at 20 cents, and 9 men for S hours and one man for i\ hours 
at 17 cents. The charge against No. 1 dun>p is 8>i. 10, being the time 
for one foreman at 20 cents, and 5 men for S hours at 17 cents. The 
cost of blasting is figure<l exactly the same way, and the ^MM) [MMnids of 
powder usetl entercnl in the material account charge<lagjiinst thcMvork 
in front of shovel No. 1. 

The headings for the distribution of steam-shovel work, aside 
from Drilling iiin\ BlaJtflfu/.wnwh] be ShnrrI rrru\Pit rmrjhiniprrrw. 
Laying shovel track, Train vreu\ and Laf/ituj narroir-fjam/r trach, all 
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of which in the end can l>o siunmarize<l under Ij^adlng and Tran.S" 
portimj, and the unit-<*(>st of moving a yanl of material figured from 
tliis sununarv. 

PUNCH-CARDS 

The manner in which the time-keeper takes his notes in a note- 
book has lH*en shown, and the im practicability of many of its phases 
jx)int(»d out. Two punch-cards for use on such work as that mentionetl 
— namely, rock excavation with steam shovels and dump tniins — are 
shown in Figs. 4 and 5. They are the SieamShovel Card and the 
Tram Record. The sliovel (*ard is kept by the shovel nmner or the fire- 
man, and the train record is kept by the dinkey runner. Each keeps 
his own rixord scjKirately ; and, at the end of the day's work, the 
nx^ords must check (*ach other. 

Tlu» st<*am-shovel card shows the date, the number of cars loade<l 
per hour, and the total numl)er loaded per day. It also shows the time 
of stiirting and stopping the shovel for any reason, the stops for moving 
up iH'ing indicated in a different way from other stops; and thus a 
reconl of moves is kept automatically. The time of the shovel crew 
and the exact number of hours worked by the pit crew, are also shown, 
toiTctlier with tlie culuc feet of coal consumed bv the shovel. The 
causes of (Iclavs and tlic condition of the shovel are written in the 
blank spaces under tlieir proper heading at the l)()tt()m of the card; 
but with this exception, the entire rt*cord is made witli the use of an 
ordinary conductor's punch. 

"^nu* train card sliows the miinber of trips ma<le l>y a train each 
day, tlie time of leaving tli(^ shovel on any trip being shown to the near- 
est .") minutes. The numluT of cars hauUxl bv all tlie trains (Iurin<: anv 
hour UHist check with the nund>er of cars loaded, as shown on the 
sliovel card. The train card, besides showing the date, shows the total 
number of cars IuuiUmI (the total of all cards must check the total (ais 
as shown i»v the steam-shovel record), the cui)ic feet of coal consumed, 
the average vardage i)er car, the haul in stations of 100 feet, themunber 
of tluMJinkev engine, and a report of its condition, whether it be got)d, 
fair, or l)ad. 'Iliis card is siijntxl with the dinkev runner's name. 

It will be seen that the record is very much more complete than 
that taken l)y thetim(*-keeper,and is more relial)le as to methods, l)eing 
made while the work is going on; and th<^ greater part of it is checktMl 
bv having tw(» records niad(^ separately, instead of taking a verbal 
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report from the shovel runner the following day as in the example pre- 
viously shown. 

Neither the train record nor shovel canl, however, show any dis- 
tribution of time, but are really performance reconls. Hie pijH? and 
steamfitter's card reproduced in Fig. 6 gives an excellent example of 
how the time is taken and the distribution automaticallv made all at 
one time. 

The classifications of labor are : Shovel, Channeler, Drills, Dinkey , 
and Trains, Pump, Tank, General Water System, and Blacksmith, 
Ixnng lettered, it will be noticed, from A to H at the head of the column. 
Each card provides space for the record of the foreman and 14 
mien. These eight classifications will probably cover all the work 
that the pipe and steamfitters are called upon to do; but if not, there 
are two extra lines on which can be written any classifications out of 
the ordinary. 

There will be certain men assigned to certain regular work, as in 
the case previously quoted under the head of the Time-Keeper's Note- 
book, where there were two pipemen for each drill outfit. If these men 
spend their entire day of eight hours doing nothing but looking after 
the water supply for the drills, a punch mark would be made above the 
numl)er of each of them on the card and opposite the figure 8, which 
represents the hours worked. To the left of the eight, and in the same 
line, and also in the vertical column opposite the word DriUs, another 
punch mark will be made. Again, opposite the letter C, which is the 
key for the classification of drills, and in the column assigned to each 
man, and below his name, another punch mark will be made. This 
gives the workman full time, showing that he worked eight hours on 
drill water supply and nothing else. Suppose the foreman worked 
three hours on the general water system, Xhree hours on the pumping 
stiition, and two hours directing the repair of the water tank. There 
would then be on the reconl a punch mark in his column opj)osite 3, G, 
and 8; at the left of 3 in the column headed G, another punch will 
apj>ear; at the left of 6 in the column E, another punch will be found, 
and still another at the left of S in the column F. In the column under 
the foreman's name, punch niarks would be made opposite E, F, and 
(7, showing that he worked on these three classifications. 

In the same way, the time and ()ccuj)iiti()n of each man under this 
foreman can be indicatal, no matter how many changers he may make 
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in his work during the day. The time, however, is recorded only to 
the nearest hour. 

Provision is made in the lower left-hand corner, for the punching 
of the date; and along the lower edge is the place for the recording of 
the number of hours used in thawing the pipes, etc., and in providing 
protection for them. This latter record was found necessary, because 
the work on which these cards were used was done in an extremely 
cold locality and continued throughout the entire year. 

When the records are made in the field and are sent in to the 
oflBce to be transferred to permanent records, it is not necessary for 
the man who made the record to be at hand to interpret his notes, as 
there is absolutely no opportunity given him to allow his note taking 
to vary in the least from day to day, the reconl being absolutely auto- 
matic. 

PROCESS COST SUBDIVISION 

While the object of the regular distribution of cost is the obtain- 
ing of unit-costs, there is another cost analysis which may be called a 
refinement of the cost-keeping system, and which, if properly used, 
can bring about a marked reduction in all costs. While this will be 
discussed more fully in the chapter upon Reduction of Cost, it is a form 
of time-keeping, and so will be touched upon here. On more or less 
rough construction work, it seems rather absurd to attempt to reduce 
tlie various processes of any operation to such a fineness that they 
may be timed to miinitcs and even to seconds. Conditions vary so 
greatly, the character of the work l>eing done changes so much from 
time to tune, and the personnel of the organization is sometimes 
shifted so much, that it seems iin|)ossible to reduce performance to any 
satisfactory Iwisis which may be used as a standard. Nevertheless, 
without attempting to reach such a basis, careful watching and timing 
of the different j)arts of the work will result in much better perform- 
ance and incr(*ased profits, as can be clearly showTi. 

Take, for instance, a driller working with a steam drill i|i fairly 
even rock, with no marked obstacles in his way and with very little 
mucking to do. Notice the exact time at which his tripod is in place 
and the drill ready to work. The driller places his bit in the drill, 
turns on the steam, and the drill starts. Note the time of starting the 
drill; note the time when the drill stops, the bit having gone down its 
full length; and do the same with each subsequent bit, noting care- 
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fully the exact time consumed in changing. When the last bit is 
down its full length and the hole is finished, note the time required to 
take out the bit, move the wei^ts, loosen the tripod, and make every- 
tliing ready for the moving. Then note just how many men are 
re(|uired to move the drill, and just how long it takes them to do it; 
and finally, how long it takes the driller to get his drill again in work- 
ing order and started. 

It will l)e found that a large majority of drillers take entirely too 
much time in the changing of bits, and that almost invariably there 
art* too many men helping to move a drill, and that they take too long 
for it. Another source of delay is preparing the drill for work after it 
hius l)een moved. It is i)erhaps just as well to take plenty of time for 
this, in onler to get the drill properly set and adjusted before starting 
it ; but tlic loss of time between the adjustment and the starting may be 
said to be al)out the same as that lost in changing bits, if not a little 
more. 

^Vllen the driller takes too long in changing bits, it is largely his 
own fault, and he shoukl be watched more carefully by the foreman, 
and, If necessary, instnicted. If time is wasted in the moving of the 
drill, it IS the fault of the foreman alone. By a careful timing and 
balaiuing of the various processes in drilling, the most competent men 
can easily be picked out. 

In the case of concreting, the minutes lost in the handling of a 
hatch of material from the stock pile to its final |X)sition as concrete, 
often amount to a great deal. Supj)osc on a small job a half-yanl 
mixer is being usal, and it averages for 8 hours 30 batches per hour, 
or 120 yards j)cr day If it is jH)ssible to reduce the time of each 
hatch 15 swonds, the output of the plant will be increased over 14 
per cent; or, figured on a basis of 120 yards, there will l>e an increase 
of 17 yanls, which — at, siiy, ?o.00 per van! — would mean a handsome 
increase in the daily j)rofits. And still, 15 seconds seems to be al- 
most too trivial a matter for which to spend time and perhaps a little 
extra money in the way of time-ke(»ping. 

Starting with the unmixed material in the stock pile, notice how 
long it tiikes the men to load their wheelbarrows with sand and stone; 
then the time that the material remains in the wheelbarrow, both at 
the beginning and stoj)j)ing end of the trip to the mixer; and also the 
time in transit. If the material is dumped uito measuring boxes, note 
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the time that it remains in the boxes. If it is dumped directly from 
the wheelbarrows into the mixer, it is necessary to take the time of 
mixing from when the first wheelbarrow was dumped until the batch 
is dumped. The mixer may be said to be the governor of the whole 
operation; for the men handling unmixed material can handle it no 
faster than the mixer takes it, and the men handling the mixed con- 
crete can get it no faster than .the mixer furnishes it to them. For 
tliis reason the observation of the operation of the mixer should be 
made with special care. It is not our intention to tell how, or to give 
advice concerning the mixing of concrete; but it is desired to show 
how, if any time is to be saved, it will be through the saving of sec- 
onds in each operation. 

If the mixed concrete is to be dumped as a batch into the hopper 
or hoist, the question of time saving is much simpler than if portions 
of the batch have to be dumped into wheelbarrows. If, however, it 
is necessary to dump into wheelbarrows, a basis for the time necessary 
to empty the mixer can be found only by careful timing and noting 
the action of the men during the timing. 

The time between the filling and the emptying of the wheelbarrow 
of concrete, will of course vary greatly according to the haul; but here 
again, careful timing and observation will soon establish a basis from 
which the most economical manner of distributing the concrete can 
be made; and exactly the same thing is true of the return of tlie empty 
barrels. 

All of this may seem to' be a digression from the subject of cost 
getting; but in fact it is merely a discussion of a very refined form of 
cost getting, and a branch of the subject which has perhaps been given 
too little attention. When the daily output of a job is up to or above 
the average, everything looks bright, and no one who is responsible 
feels overburdened with care. If, however the output falls too low, 
some glaring cause is at once sought, and the fall of output blamed 
to some unforeseen circumstance or accident. This is all very well, 
as accidents affecting output cannot be entirely avoided, and unfore- 
seen conditions will make great differences in performance; but the 
careful analysis of process cost subdivision will bring about results 
that will astonish those "practical men" who think that they have got 
their unit-costs down to the lowest point simply because tlieir output 
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b generatly lai^ and everyone on tlir work seems U> Ix- working tn his 
top notch. 

OUTPUT 

The reason for toinpiliiifi llie data for which (he time-keeper is 
responsible, is that, Tmin the unulysis of ihe iliytrilnitton inaile, the 
contractor is ahle to tell what work is being done with profit; and, it 
any particular operation shows hiss, the analysis will help more than 
anytliing else to discover the rt^ason for the loss. In fi^^nrinj* his profit 
onany work, the contractor rnnst figiire on a unil-ewst Ixisis, exactly 
the same as he figures when he prepares his bit!. In onler to do this, 
he must have an exact measurement of output. In many classes of 
work, this measurement Is extremely simple; but in others no little 
ingenuity is retjuired to devise a scheme which will give the informa- 
tion wante<l exactly and without retpiiring iiiuch work. 

'Hie puyment for work is based upon the cnfrfneer's estimate. 
The monihly estimate is usually more or less u guess, made simply for 
the purpose of paying the contractor approximately aceonfing to wliul 
he has done. The monthly estimate is generaliy a pretty fair approxi- 
mation of the exact amount of work done; anil the final estimate covers 
everything included in the contract that has not already been taken 
care of. 

Tlie contractor's measurements of work done each day should 
iigrce tpiite closely with the engineer's estimate; but, if the work is 
difficult to measure, tiic coutrdctor has many times more opportunity 
of making errors in his measurement by going over it daily tliari the 
cngitieer has who cmly giK-s over il nnce. A careful consideration of 
the differences in the amount of estimates will sometimes .sh<iw the con- 
trat'tor how his estimates c^an be made to balance with those of any ymr- 
ticulur corps of engineers, and he can govern his daily measurement 
acconlingly. 

'I'here are few measurements in the fiekl which can I>e reduenl to 
a unit, or rather whicli can be counted dirwtly. Linear measurements 
are easy enough to get; the measurement of area is a little more dilR- 
eult; while the measuremenLs of volume, e.sjweiatly in rough work, are 
often extremely diflicull to make in a satisfactory manner. Measure- 
ment by weigh! is often found to lie of grejif advantage, if pr>>|N*r facil- 
ities can lie amiugeil for weighing. 

The measurement of drill output is extremely simple. The holes 
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for any one day's work can be marked as they are finishe<l, and, at the 
end of the day, all nieasurt*<l ; or they can be nieasure<l as finislunl, and 
their depth taken, and hence the entire day's work Ls easily deter- 
mined. This, of conrse, is a linear measurement; and in the same 
class would fall such work as laying track, Iwllasting, grading with a 
n)ad machine, and the measurement of the work of track and wheel 
scrapers. 

The measurement of quantities whose units are areas is only a 
little more difficult. Paving, for instance, is very ejisily measured, 
the distance from curb to curb generally being constiint, and so really 
reducing the measuring to a linear measurement — that is, the length 
of the section of pavement laid. Brick laying, while really a cubical 
measurement, is taken in the same way, the area of the face of the wall 
laid being taken, and multiplied by the standanl numl)er of bricks 
to any given thickness of wall. This really reduces the measurement 
for brick laying to a unit-lmsis, the unit l)eing one brick. Painting and 
plastering are measured in the same way; and so also is roofing. On 
road work, plowing and sprinkling are estimated per unil-area, and 
in quarry work, channeling is so estimated. 

The determination of volume on construction work is liable to 
be verj' difficult. Take, for instance, the output of a steam shovel 
cutting through rock. The walls of the cut will l)e verj^ irregular lK)th 
in line and in slope, no matter how skilfully the shovel is o|K»rattxl; 
and the face of the cut is liable to l>e even more irregular. No abso- 
lutely exact measurement can be made; and for this reason it is com- 
mon practice to estimate the contents of the cars rather than attempt 
to estimate the size of the pit excavation during any one day. Generally 
the size of the pit is roughly measured, and the yanlage figured from 
this measurement. It is also figured from the number of cars loaded, 
and, if carefullv done and the estimate of the volume of the cars loaded 
is correct, both figures shoukl balance at the end of the month with the 
monthly estimate, which, on account of the large volume measured, 
can practically ignore such irregularity as would affect the other two 
measurements. In earth excavation, the measurement is much sim- 
pler, Ix^cause the pit is more regular and the cars can be fully loaded. 

Tliere are natund working units that lend great simplicity to cal- 
culations of cost— such, for example, as a fi(K)r pincl in a building, a 
column, a bridge jwmel, a pier of masonrj-, etc. 
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Another unit of measurement is often ol)taine<l through tlie per- 
centiige of a total or of another unit, sueh as the amount of sjintl in a 
yani of eonerete. Knowing the mix, a percentage of the total yanlage 
of concrete will l)e the amount of sand that has been moved. 

Care should be taken properly to subdivide the units of measure- 
ment. The ordinary unit of concrete work is the cubic yard or the 
cubic foot. The mistake is frequently made, of estimating the cost of 
forms and of reinforcement only in terms of the cubic yanls of con- 
crete. The cost of forms should be estinlated also bv the number of 
feet, boanl measure. Reinforcing steel should be estimated by the 
pound. 

One difficult kihd of work to obtain costs on by the regular 
methoil, is the laying of cut stone. A very simple way to obtain this 
Is to paint on each stone a number, and let the time-keeper get the 
dimensions of the stone after it has been cut, before it has been placed 
in the wall. Then the stone layer simply records the number of each 
stone as it is laid. 

A cliei'k on the measurement of the quantity of the work done is 
fr(M|nently obtained by the measurement of the quantity of the work 
left undone or of tlie material remaining in th« stock piles. 

COST SHOWING 

Tli(» object of cost keeping is to furnish accurate and early infor- 
mation to those in jiuthoritv, both as to where tliev stand financially 
on i\\v work, and wliat necessities or opj)ortunities there are for ini- 
provcnicnt in (vononiy. 

In order to a('conii)lish the object of cost keeping, it is necessjiry 
that there he some ellieitMit nietho<l of cost showing; and it is essential 
that the svsteni of cost showing;, in combination with the system of 
cost keeping, shall meet the following s[H*ci(ieations: 

I. It sliall he acciirato. 
L*. It sliall !)(» simple. 
'.\. It shall he easy to study. 
1. It shall h(» easy to rompilo. 

.'). It shall he eapahle ol" hcin*^ rompiled in a very .^hort time after 
the rceeipt uf th(» orijiiinal fi«::ures. 

It nenis no argument to prove that the cos t-.sho wing system should 
be accurate. . If it he full of errors, its usefulness is entirely obviates! ; 
and 1 per cent of error in it will do a great d(»al more than 1 p<*r cent 
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of damage to its efficiency, in cassisting the manager to increase the 
efficiency of the work. There is, however, a limit to the desirable pre- 
cision of such an affair. The cost of putting in ties on a certain rail- 
road for a certain month, for instance, may have been 7.2143 cents. 
If the last two figures are interesting from the statistician's point of 
view, they are utterly useless to a practical manager. If the previous 
month's performance has been, we shall say, 6.94 cents per tie, this 
month's figures will have shown an increase in cost of 0.27 cent, which 
is approximately 3.9 per cent of the previous month's figure. In other 
words, the tie-placing efficiency has decreased 3.9 per cent. It is very 
questionable whether the figure 4 per cent, although not quite so pre- 
cbe, would not be rather more useful to the manager than the figure 
3.9 per cent; and, personally, the authors would favor the briefer work. 
The degree of refinement to which these records should be carried, is, 
in the last analysis, a matter for the individual judgment of the man- 
ager himself. The student should bear in mind the folly of unneces- 
sarily elaborate figures. 

The second specification, that the cost-showing system shall be 
simple, is almost as important as the first. If it be not simple, the 
chances for inaccuracy will be tremendously multiplied. It will take 
more work to carry it on; and the straightening-out of errors and dis- 
crepancies will l>e so difficult, and will require so much of the time of 
persons in authority, as to leave them no opportunity to do their other 
work. Plainly; it should not be necessarj' for a manager to do a lot of 
detiiiled work on cost-keeping or cost-showing systems himself. . 

Si)ecifications Nos. 3 ami 4 are more or less included in specifica- 
tion No. 2. Specification No. 5, however, is also of great importance. 
Information that is stale is al)out as useless as no information at all. 
If you tell a foreman on Monday that the work of his gang for the week 
ending ten days before was not up to the mark, he will not have much 
respect for your cost-keeping system; he will certainly not remember 
sufficiently well the causes that produced his bad work, to remedy 
them; or he will be able to pick out of the haze of history enough 
excuses to let himself out of the responsibility of his bad work, and to 
put his manager at sea as to where this foreman and his gang really 
stand. It is therefore of prime importance that the arrangement 
for showing the manager what his costs are, with the sjilient conditions 
affecting such costs, shall be so rapid as to l)e "red-hot" all the time. 
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The coininoncst arningemeiit of rost showing — iind the only one 
onlinarily found at the present <hiy on most contract work — Ls an 
abstract pn»jmre<l on a piece of yellow paper by the time-keeper for the 
inspection of the manager each moniing; and this has so few disad\'an- 
tiiges that it would l>e ver\' satisf actor}*, were It not that it is impossible 
f nun it to com|)an* at a glance the work done, let us say yesteitlay, with 
that done previouslv. It is, however, far l>etter than any other svstem 
which lacks anv of the essentials indicated alwve. 

USE OF CHARTS 

'Vhe l)r.st inetluKl that has so far Ixt'n deviswl is hy the use of 
charts showing to scale the different unit-<*osts for the various days in 
the month. Such charts are illustrate<l in Figs. 7 and S. They are 
from the nvonls of the (\)nstruction Sen'ice (\)mpany. One of 
these (Fig. 7) indicates the cost of channeling nK*k. It will be seen from 
the line J, that tluring this month the number of s(|uare feet <*han- 
ucIchI vari(*<I fnnn 75 to .'^7.'), and that the lalH)r cost varied from a max- 
hnum of ()2 cents to a minimum of S cents. On the Sth, the morning 
crew did not work, bc*cause, as it happened, of severe weather, which 
account(»<l for the low output on that day. On the 24th, the night 
shift all()W(»<l the pij>es to freeze up. It may be mentioned that the 
foreman of the ni^ht shift, whoso name appears in brackets on the 
chart, has since turned Iiis attention to other fields of industrv than 
chaimcling. On the 2St]i, the chaimeler had reached a |K)int where 
the (lit was frecjucntly fillc<l up by eartli that slid in from the side ami 
canscd such a large amount of sludge as to cushion the blows of the 
Made; and (he chart shows on that day a high cost, due to the cleaning 
awav of this earth. 

» 

The chart illustnitt^d in Fig. S is that for steam-shovel work on tlu» 
same contract of the Construction Senice Company. Line J indicates 
the approximate* nund)cr of yards moved per day. Line B shows the 
pav-roll, ranging from sK;.') to S-UO per clay, and including a j)en*ent- 
;igc for incidentals; while lint^C represents the values of the /?<|uantity 
dividetl by the A (juantity, and gives the unit-cost in labor per yanl for 
cxcavatiuiT and moving; rock. It will be noted that the Sundavs are 
skipped. These* came on the .")th, 12th, H^th, and 2()th of the numth. 
There were some men emj)lov(*d on each of these Sund<ays; but their 
tinit* was so distributiMl over th(* rest of the month as not to show for 
the Sunelavs, as the steam shovels did not work on that da v. 
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These charts are of a size to l>e filed in one of the standanl loose- 
leaf lx)oks, and their range is from zero to al>out 12; thus it is possible 
to show any quantity to scale for any day in the month. This com- 
pany has not found it of advantage to plot more than 4 lines on any one 
chart. 

Charts such as these may be marked upon a tracing prepared for 
this purpose by the time-keeper each morning; and at the end cf the 
month the lines connecting the points may be inked in, and the chart 
blue-printed, and the blue*print file<l in a convenient place for imm<*- 
diate reference. 

There are several ways of working out the unit-cost fn)m the 
figures, such for example as : 

1. Performance per time unit 

2. Performance per dollar; 

',i. Cost per unit of performance. 

The first of these is not, properly speaking, a cost statement, al- 
though it is a function of a cost statement and for certain purposes is 
more convenient. The number of feet of rock drilled per drill hour, 
is a very convenient form for record. 

When drilling under conditions of snow and ice, more muckers 
have to be employed than at other times. If the cost of mucking is 
included in the cost of drilling, as it frequently is, the tnie index of how 
well the drills are getting on is the number of feet per drill hour, rather 
than the cost of the operation to the contractor. 

The second method is the reciprocal of the third. Other systems 
will suggest themselves by virtue of the peculiar requirements of each 
case in practice. 

Checking by Charts. A great advantage of the chart system of 
cost showing, is that it acts as an automaticcheck upon thecost-keeping 
system in general. As indicated earlier in this volume, it occasionally 
happens that a punch-card is not turned in, or the time-keeper fails 
to get certain data. This is immediately discoverable by the gap on 
the chart, and thus the chart acts as a check on the cost-getting dejMirt- 
ment. This will not entirely obviate the necessity for ins|)ection to 
ascertain whether the time-canls are pro[>erly kept and the work is 
properly done. 

The showing of costs should \ye made daily for the men iinuu^li- 
ately identified with the field work; they should be made vtrklif for 
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the general inana|]jer, and monihly for the home office. These month- 
ly office reports are sometimes valuable in the planning of the financisil 
arrangements for the work. On a job involving, say, a pay-roll of 
$5,00() a week, with monthly estimates, early information as to per- 
formance over the month is of veiy' great value. 

Showing the men certain charts and records will serve to increase 
their interest in their work, but this should not be overdone. It is as 
well that the men should not know the actual cost of their work to the 
contractor in dollars and cents. If, on the contract price, the con- 
tractor is making a handsome profit, the men want more money. If 
the contractor is not making a handsome profit, the men are apt to 
think that they are on a losing job, and become discouraged ace )rding- 
ly. The economy of the contractor's work should be private infor- 
mation, since it might do him considerable damage by becoming 
known to competing contractors. The charts showing the per- 
formance per unit of time, however, are not subject to the restrictions 

above mentioned. 

COST KEEPING 

In the foregoing there has been nothing that is a part of the 
regular bookkeeping, with the exception that part of the time-keeper's 
rcconls are necessary to the l)ookkeeper. It should be appreciated at 
the start, that the bookkeeper's work is of great inn)ortance, that it 
cannot l)e superseded by a cost-keeping system, and that it should not 
be divided up with the cost-keeping system. The scoffers at cost 
analysis are inclined to take the ground that a l)ookkceper, a cost- 
keeper, a cost-analysis engineer, are more or less clumsy substitutes 
for managerial intelligence; and they point to the proposition that in 
the last analysis it should be easy to k^t the office bov run the job with 
a textbook at one elbow and a calculating machine at the other. 

It is insisted upon at the start, that cost keeping is as important 
as bookkeeping, but that it has an entirely different function; and in 
applying cost keeping to construction work, it is very important that a 
distinct line of demarcation be drawn l)etween the two branches. 

Another error that is fretjuently made by antiquarian students, 
men who are studying old methods of engineering and construction 
rather dian those of t()-<lay, is that a cost-keeping system is assunuxl 
to be complete l)y the man who runs it, when he knows how numy 
feet of hole his drillers are able to average per hour, jxt day, or j)er 
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week. The cost analyst will jx)int to the fact that in the literature of 
the subject many false statements are made as to the costs of certain 
items of work, and will show that no allowance has been made for 
depreciation, repairs, etc., not to say profit, interest on the contractor's 
money, and a host of other things. The student is warned that a 
proper cost-keeping system must of necessity take into consideration 
all the items of cost on the job; and, further, it shoukl take them into 
account with such detail that it will be a real, living help to a man in 
estimating future costs on similar work. 

Now, as a general thing, the essential similarity of items has been 
lost sight of when these items are parts of work which is not generally 
dissimilar. For example, the item of earthwork in the construction 
of a large dam may be very similar in its essential cost to, and may 
be of the greatest use in assisting a contractor or engineer to figure the 
cost of, earthwork under similar climatic conditions on a railroad 
emlmnkment; yet those who are most interested in the subject are 
inclined to classify dams as an entirely different sort of stnicture from 
railroads. The designing of a dam is a different matter from the 
design of a railroad ; but to buikl one will often involve the same kind 
of tools, the same kind of machinery, the same kind of men, the same 
kind of "horse sense,'' and the same general principles of construction, 
as to build the other. Therefore, if his costs are properly subdivided 
and intelligently kept on one kind of construction, the contractor or 
engineer will be materially aided, not only in estimating the cost of the 
work upon the other, but in being in close touch with his work after 
he has started. 

Every construction organization ought to have a schedule of 
stiindard items which may be called ledger accounts; and its l)ooks 
ought to be kept in such a manner that the reconls of the total and of 
the unit-amounts for these items on past work and on current work 
may l)e immediately available for the benefit of it> officers. No two 
contractors will have the same arrangement for distributing cost; no 
two will have the same items for the accounts; but there are certain 
fundamental items that will come into use on almost every large 
piece of work, and some of them have a peculiar significance, and 
should \ye treated with special care. 

Estimates on Ledger Items. In making estimates it is im|)ortant 
to have this list in sight, in onler that im]H)rtant items may not be 
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omittwl. Such a list, which will cover a large j^ortion of the onIiiiar\' 
charges, is here given : 

1. (janu Lxmrn: 

(«) Hourly raUs 
(/>) Monthly rate. 

The men who work by the month are apt to have to sjK^nd a goorl 
(Iwil of non-pnxluctive time, on account of weather conditions, etc.; 
while the men who are on an hourly Imsis, as a general thing, do some 
pn)fitiil)le work whenever they are j)aid. It is feasible to figure a 
giKxl deal more closely on the cost of work for those men who have 
pmctically no lost time to l)e taken care of, as emergencies or iiwi- 
denials. It will be noted, also, tliat the cost and the time of hourly 
and daily men can l>e figurecl and chartwl day by day; whereas it is 
impossible to know exactly what the charges will In* for lalx)r that is 
jmi<l by the month, until the end of the month. In order to make 
rt»|H)rt charts showing cost as completely as jK)ssible, it is a frecjuent 
practice to adtl a certiiin jH»rcentiige to the cost of the known items, to 
cover the so-iallinl /(>.v/ forcmcn\s time: and to make at the end of the 
month a corrtrtion of a grt*ater or less size, iii onler to make the cost- 
keeping end tally with the lH)okkeeping end of the work. 

1\ (Iknkual Lahou, Kic. This item will comprise the labor 
of the men who have something to do with more than a few jxirts of 
the work. A watchman's time is not spent in drilling, or on a steam 
shovel while it is running. Nevertheless a proj)ortionate jKirt of his 
salary should be (livichnl among the diUVrent branches of the work. 
Sometimes this will be a very small itenj, sometimes a large item. 
For example, if a stc^ani shovel is excavating I5(),(KK) yanls of material 
i)er month, the watchman's unit-charge to excavation may be very 
small; but if the shovel is tied u[) for nearly the whole month, the 
charge per unit for watchman's time may be alanningly high. This 
is one reason why unit-cost and total cost should always go together. 
A blacksmith's tinu\ part of which is spent in sharj)ening drills, nee<l 
not be all chargeable to drilling, because he may spend a good deal of 
time in repairing the steam shovel or fixing hand tcM)ls, etc. 

o. OvKUiiKAi) liAHOK. Clerks, i>nokkeejHTs, messengers, office 
force, and (ieucnd Manager are ordinarily iu('lu(l(Hl among the items of 
ovcrhriul chanjc, as well as salari(\s of general nfficers,. 

4. OvKUiiKAD Matkhials. In this classification, there are 
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included stationery, office furniture, supplies, etc. When the office 
furniture is disposed of upon the completion of the work, its value 
should be credited upon this item. 

5. Overhead Incidentals. These may include various items, 
such as telephone, office rent, telegraph messages, express charges on 
incidentals not directly connected with plant, etc. 

6. Preparatory Costs. These include the cost of getting 
ready to do the work, and, depending upon the nature of the job, may 
include any or all of the following items: 

(a) Temporary roads; 

(b) Temporary trestles; 

(c) Clearing and grubbing; 

{(I) Snow removal and drainage; 

(c) Traveling exjwnses to job; 

(/) Preliminary estimates, calculations, and surveys; 

((/) Freight and handling of materials to and from job; 

{h) Freight on preliminary supplies; 

(/) Handling of preliminary supplies; 

( j ) Licenses and premiums on bonds, etc. 

(k) Legal expenses; 

( / ) Loss on initial operations; 

(m) Right of way and cost of site; 

(n) Sheds, storehouses, and other temporary buildings; 

( o ) Tools, less final value. 

7. Supplies. These are chargeable F. (). B. die job, or at 
the railroad station nearest to the work. They include all supplies 
for carrying on the work, as distinct from material, including explo- 
sives, coal, oil, waste, etc., and may include a charcje for wafer. 

cS. Interest and Depreciation on Plant. This item is 
variously esthnatcnl by different people, and may varj' gready. It is 
im|>ossible to establish an absolute rule; but on the average con- 
tractor's plant, it may be stilted that /„ of 1 p^r trent per working day 
is a very fair general average figure. The average steam shovel, for 
example, will work perhaps 200 days, under favorable weather con- 
ditions; and on this basis the interest and depreciation charge will be 
20. per cent per year, and is not far from a fair figure. Some con- 
tractors allow 33 per cent per year on such material as road machinery, 
including crushers, steam rollers, etc. This is a litde high, provided 
that a reasonable charge is made for repairs. 

0. Repairs to Plant. How nuich money it takes to keep the 
ecjuipment in proper condition for performing efficient work, is a 
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(|ue.sti()n on which the lunits of space prevent a detailed discussion. 
On such a machine as a standard-gauge steam locomotive in constant 
ojH»mtion to the limit of its capacity, repairs may run as high as 20 
|HT cent per year; and on a rock drill the repairs may be 50 per cent 
or more j^er year 

10. Rent, Stumpage, etc. The item of rent includes the 
rental of ground and the storage buildings, if any, outside of the office 
exjHMiscs. Stumpage is the cost of standing timber, the purchaser 
being privileged to leave the stump after cutting down the tree. 

1 1 . Materials of Construction. These are chargeable F. O. 
n. the job, or at the railroad station nearest to the work. 

12. Handling of Supplies. 

13. Freight, when not included in item No. 11 or No. 7. 

14. Unloading, Hauling and Storing Materials and 

1."). Rk-handling Materials and Supplies. 

\(\. Interest on Cash Capffal Exclusi\te of Plant. 

17. Taxes and Insurance on Property (including l)oilcrs). 

1 (S. Accidental Insurance, to protect workmen and the public. 

10. Admiirtising, Medical Expense, and C!l\ritv. 

20. Discounts ox Bonds, Warrants, or Notes. 

21. Contingency Lahok. 

22. C()ntin(;kncy Materials. 

2*>. CoNTINCJFA'CV Sl'PPLIKS. 

21. Cost of Findin.j and Uk(ovkking Lost Fkeujht and 
SrrPLiKs. 

2.'). PnonT. 

COST REDUCTION 

Tlu' ultimate aim of cost analysis is (H'onoinic efficiency : and 
anv system or mctluxl of cost analysis \vliich docs not result in the 
hvsseninir of tlic total cost per unit of work performed, must neccs- 
sjirily hv a failure. 

« 

After the costs on NYork hayc l>ccn ]mrtially analyzed, it l)ecomes 
the proyince of the en^nneer to introduce metluxls and devices whereby 
the expense of ohtainini; tlic yarious data may l>e more than ofl'set in 
the /^^eneral economy of the work. It was lont: a^o rcalizixl that shop 
])raetiee could Ix* ecouomi/(Nl ])y methods of svstematization; and 
we haye an early instiince of the appreciation of this fact in the story 
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of tlie stniggles and metliods resorted to by James Watt in the con- 
struction of the early steam engines. The tn)ubles arising from in- 
competent workmen, drunkenness, and the necessity of doing work 
in different parts of the country far removed from headquarters, were 
as real then as they are now, with this disadvantage, that in the 
eighteenth century the press, the telephone, and the professional 
schools had not reached a development admitting of intelligent co- 
operation in the attack upon this problem. 

Within the last score of years it has been found that cost-analysis 
problems applied to shop work give most amazing results. WTien 
the piece-work system was introduced, it was believed tliat the final 
solution of the problem had been attained. The men were then 
placed upon the footing of contractors. A man got so much pay for 
accomplishing so much work; and it was most clearly to his interest 
to accomplish the maximum of work in onler to get the maximum of 
pay. It was immediately evident that the good men would soon show 
such a contrast to the poor men on the work as to inspire a constant 
rivalry, thereby resulting in a verj' much higher output. In order 
that the desire to accomplish more work should not interfere with the 
quality of the work, all materials were systematically and rigidly 
inspected. 

For a good many years the piece-work system flourished, and it 
is still flourishing as compared with its predecessors. It is vigorously 
fought by trades unions and by the less able among the men. It is 
tolemted by those of mediocre ability, and it is heartily endorsed by 
the most skilful. In onler to remove the resistiince of lalK)r unions, a 
modification of the piece-nite system, known as the bonus st/siem, 
has been devised. It will be descril)ed in a subsequent |)aragraph. 

Remarkable development has been achieved in the shop by the 
most brilliant work on the ])art of the men who have a|)pliiMl cost 
analysis, favore<l by the fact that in the shop one has conditions of 
work which are practically invariable fn)m day to day. It is possible, 
then, to coinj)are the work done [>er unit of time in the morning, with 
the work done per unit of time in the afternoon, or for rach hour in the 
day, an<l thus to determine the efTwt of fatigue of the ojxTators u|K)n 
their efficiency and the effect of such sj>ecific influences as the character 
of artificial light, the grade of steel in t(M)ls, and even the iH'onomic 
value of providing reading rooms, white-enanielixl lavatories, and 
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recreation for the operatives. To cost analysis has been largely clue 
tlie development of the special high-speed steels and an amazing 
number of improvements in machinery, entirely aside from the 
stimulus and education of the workmen. 

In field work, however, comparatively little has been accom- 
plished in the world at large along these lines, not because the oppor- 
timity is lacking, but because certain of the difficulties appeal more glar- 
ingly to the pioneer in the field, and offer some peculiar discourage^ 
ments. The conditions are not uniform from day to day. The 
locus of the work is changing, the weather is variable, and a very 
large numln^r of external agencies will he continually interfering with 
the schedukxl regularity of the work. The method or process where- 
by a piwe of work can be done more economically, may be instituted 
at just the time when some apparently trivial variation of the weather, 
or bresikdown in a water system, or interniption in train senice, may 
pHxluco an entin^ly opposite effect which will more than nullify the 
advantages obtainwl from the improved process or method, and will 
sometimes cover a |HTiod of a good many days and possibly weeks, 
making it ap|)ear that tlie improvetl method is not only a failure but 
a dragon in disguise. 

Field work is constantly presenting obstacles and difficulties 
which have to be met and fought, calling for emergency judgment 
oil the jKirt of the men in charge and on the part of all the men on the 
work to a greater or less extent; and here alone is one of the chief 
reasons why a contractor comes to dcjKMid almost exclusively uj)on 
thr personality of his sujKTintendent or foreman, to the exclusion of 
svsteniatic analvsis. 

It is al)un(lantly demonstrable that when results arc* properly 
chartetl, and wiien a c^irful reconl is kept of the causes of interniption 
and thr extent of the accidental obstacles, the pn)blem becomes much 
sinipliliixl. It is astonishing how intimately a manager may come 
into touch in a short time with the obstacles to his work, and with 
the most efficient methods for their removal, by means of j)r()per 
re|x)rts and cost analysis, and esjHvially by the intelligent use of 
charts. 

Eficcts of Weather. The principal obstruction to ix'ononnVal 
construction work in the tcni|H^nitc zone, is due to rain. If it is 
mining at about the time when the men come u])on the work, they will 



^56 



COST-ANALYSIS ENGINEERINC; 45 



rarely fail to retire to their homes or to some |X)iiit so far from the 
seene of operations as to make it diffieult if not imj)ossible to get them 
baek upon the job if the weather shoukl clear. 

If a rain comes on in the noon hour, they generally leave and do 
not return to work. If it should start to drizzle in the mkldle of the 
afternoon, and the men are under fairly good discipline, they stand a 
very good chance to stay the day out rather than miss getting a full 
day's pay. 

Next to rain as an obstacle is freezing weather. On concrete 
work, if the concrete is laid at temperatures below 22 degrees, and 
particularly when a slow-setting brand of cement is used, special pre- 
cautions have to be taken, and even then the work is liable to be 
rejected. For work in which steam engines are employed, as dinkeys, 
steam shovels, steam drills, etc., contirtued cold weather is likely to 
result in the freezing of supply pipes, the freezing of valves, and the 
breaking of pijx; connections, necessitating a go(xl deal of frost pn>- 
tection and a well-discipline<l and well-handled gang of pi|>e-fitters 
under a responsible foreman charge<l with the express duty of keeping 
the water lines clear. In very coUl weather — say Inflow zero — the 
freezing of water will seriously interfere with the economy of the work 
on the water end alone. ^Vhere steam drills are used and the weather 
is exceetlingly cokl, the steam from the drills blown uiK)n the men 
condenses and freezes upon their clothes, involving great inconvenience 
and suffering. Under such conditicms the men will not work so many 
hours jH»r day as otherwise, and fretjuently they will not work at all at 
critical times in the progress of the work, to the great detriment of 
economv. 

It has l)een observed that a combination of stress of weather a 
few hours l)efore the coming of the jKiymaster seems to be more dis- 
couraging than at any other time, and it is seizetl uj)on as an excuse 
to cjuit work. 

In very windy weather, more coal is burne<l than at other times; 
and sometimes a boiler which is capable of running seven or eight 
drills in ordinary weather will not l>e able to furnish steam for more 
than 70 or SO per cent of this amount in the high, cold winds. 

For the above reasons it is essential to keep a reconl of the tem- 
peniture and weather. 

Accidental Conditions. Besides the weather, (here are a host of 
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iuri«loiital coiMlitions tlmt iiiav aiiso to influence the efononiv of the 
work an<l complicate a prcc*ise stiuly of the performance. Some of 
these, named at random, are: 

1. Tlic blowing-out of the g:isket in a main water supply pump. 

2. A shipment of jwor coal. 
'A. The wrecking of a trestle. 

4. A derailment of cars. 

5. The breaking of machinery on a shovel. 

G. The buniing-out of a boiler, <lue to carelessness on the |>art of a 
watchman over night. 

7. The non-arrival of necessary and important mat<?rial. 

S. Irregular blasting, due to irregular spacing of drill holes, or to 
bad loading, or to poor detonators or a poor exploding machine, or to irreg- 
ularity in the character of the rock itself. 

1). Erratic action on the part of one or more of the men, due to drunk- 
enness, ill-tem|)er, or general contrariness. 

10. Errors on the part of foremen in co-operation, some of which are 
not detect<?d in time to be eliminated; and a host of others. 

In working out any special problem, care should be taken that 
such accidental causes affecting performance — whether they deerejise 
the |)erfonnance or, as may happen, increase it — shoukl be carefully 
notiHl an<l l>e a pari of the regular rcport on the work. These features 
of a re|)ort onlinarily are ignored as being unimportant, but they are 
of the utmost value to the success of the work. 

STIMULATING THE MEN 

The art of persuading a man who is turning out 500,000 foot- 
pounds of work in ten hours, to turn out S()(),(KK) foot-jxmnds of work 
in ten lioui*s with a trivial increase in jmy, is on its face difficult; but 
is bv no means iniix)ssii)lc, and a Hst of some of the ordinary means 
of doing this should not be out of place here. 

1. Watching the Work. If, on theaverage work under the obser- 
vation of a foreman whom they know, the men are made to realize 
that their individual performance is l)eing watcluMl and reconled by 
someone wlio is ai)ove and i>eyond their own foreman, there will 
usually n^sult an increase in performance of from 10 to 20 jkt cent 
per man; and |)artieularly if a tal> is kept upon tlie perfonnancc of the 
<ni\v^ as a wliole, the foreman will add his own stinudus to that applit^d 
by the men themselves, resulting in highly inceascnl efhciencv. 

On such work as teaming, where teams are hauling earth along 
a road for a considerable distance, a puneh-canl is very valual)le. 
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The driver knows tlmt the time of his trip is l)eing reconkxl and com- 
imrtnl with the time for the siime work done by other drivers; and it 
has the effeet of coneentmting his mind nj)on his performance, which 
in itself causes him to use more care in cutting down dehiys and keej)- 
in^ his team up to their work. 

In the operation of drilling, most valuable results have l)een 
achieved by givmg each drill nmner a card on which, at the com- 
pletion of each hole, the time of the finishing of the hole is punched ; 
and also the time of starting the new hole, in the same way. This 
canl will then show the length of time that it took to drill the hole, and 
the length of time refjuire<l to move his drill. lie will be stimulated to 
move cjuickly, which in soft rock is an exceedingly im|K)rtant element 
of the drilling work, and he will be stimulated in the effort to get his 
holes down rapidly. 

Where earth or rock is being loaded by steam shovels and hauled 
by dinkey trains, great economy can be arrived at by providing each 
dinkey runner with a punch-card or a report card on which he in- 
dicates the tune when his train left the shovel and when it returned 
again to the shovel. This card then indicates the time for a round 
trip, and his mind is constantly being stimulated to look out for causes 
of delay; and, if he is at all conscientious, as most men are, he will 
instinctively attempt to make the best time. Some remarkable 
results have been achieved by this means alone in recent work. 

When concrete is being mixed by hand, if a record is made of 
the time when each l>atch is finishe<l, there will inevitably l)e an 
increase of activity of all the men in the mixing gang. 

2. Discharges. The principle of natural selection of the men 
can be very advantageously applied, ^^^lere the supply of labor is 
adequate, it is advisable to make a mle of discharging a few of the 
jXKjrest men every few days, taking on new men to fill their places. 
This necessarilv results in an increase of the abilitv of the average 
men on the work, and it gives a healthy spur to the men who are not 
discharged. In carrying this method out, it should Ix* done judi- 
ciously and with cart^ to avoid discharging good men, lest the dis- 
cipline of the work l)e interfered with. Any man who is not willing 
to do his l)est, or who is caught loafing delilx*rately, is an economic 
disadvantage to the work, and should be allowwl to go. Likewise, 
any man who with g^Kxl intentions is so dull as to hinder the progress 



359 



M COST-ANALYSIS ENGINEERING 



make it more than well worth wliile to secure the very l)est of the 
labor attainable. 

7. Prompt Pay. Men will work very much more eontentecljy 
when they can count upon their pay with promptness and regularity. 
There is nothing that demoralizes a piece of construction work more 
than the {)ostjK)nement of a pay-day. S[>ecial care shoukl be taken 
that each man's pjiy is accurate. A man will seklom be overpaid 
unless there is **gr.ift'' on the job, but it sometimes happens that 
through errors on the pjirt of the time-keeper or l)ookkeeper a man's 
pay is short, much to the agony of the man himself. 

8. Early Hours. A good deal of money is lost by the men not 
starting to work pmmptly at the commencing hour, and by quitting 
before the final hour. On a recent piece of work that had to be dras- 
tically reorganized, an entire blasting gang rested on their shovels for 
over one hour, because their foreman had decided to quit without 
notice, and the man who was supposed to be in charge of the work 
arrived late himself, and was detained at the other end of the job. 
On this particular piece of work, it was not the habit to blow a whistle 
at the commencing or the quitting hour, and the men started work in 
the morning and quit work in the evening according to their own time- 
pieces. It was noteil that nobody on the whole job quit a minute after 
he should have (juit, or stiirteil a moment earlier than he was paid to 
start. 

In factor}^ work it is feasible to have all the men go through a gate 
which is closed one minute after the hour and not 0})ened agj\in for 
perhaps 2.") minutes, so that, if a man is two minutes late, he loses a 
half-hour's jxiy. This has the merit of not working injustice to any- 
one, and, after being instituted, seems to be accepted by the men with 
a reasonable degree of contentment. It is not easy to start a strike 
l)ecause some men lose their jobs from being late. 

Such a system as this, however, is practically impossible on out- 
side contract work: and while it mav be feasible to institute a modifi- 
cation of the time and clock method, it is not known that this has yet 
been successfullv done. Prolxil)lv the most siitisfactorv wav of insur- 

«. « ft ft- 

ing prompt arrival of the men, is to measure the output of each gJing 
and make each foreman responsil)le for it, thus giving him a personal 
incentive to get his men on the job promptly. 

9. Enough Foremen. It is necessiiry, in any organization. 
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to have the chain of responsibility lead through a sufficient number of 
foremen; otherwise a suj)erinten(lent or supc^nisor will find himself 
"spreading out too thin/* an<l will l)e attempting to perfonn a lot of 
work that should be done by a foreman. One superintendent can 
supervise the work of 20 or 30 foremen with a favorable layout, and 
each foreman can supervise the work of from 10 to 25 men. If, how- 
ever, there be more gangs than there are foremen, the superintendent 
will find himself trying to play the part of foreman in instnicting the 
men, and not able to do his own work, w^hich is to instnict and super- 
vise the foremen. In the matter of driUing, a numl)er of able mana- 
gers are not in favor of having a foreman over the drills. It is calcu- 
lated that by substituting a lx)y to keep the reconls of the drilling, and 
putting bonuses on the drills, the difference l)etween the pay of a fore- 
man and the pay of a boy is saved, with no appreciable loss in per- 
formance. 

There are strong grounds for the opinion that there should l^e no 
process, such as drilling, without a foreman, where the work is on a 
large scale. When 10 drills are working, they will employ altogether 
20 men on the drills, a numl)er of muckers clearing the ground, and 
a pipe man. The work of these men cannot fail to be improved by 
their being at all times under the watchful eye of a man to whom they 
are responsible for the quantity and quality of their wT)rk. Asi<le from 
this, if the foreman is an expert driller, the instniction that he can 
give to the less able of the <lrill nmners will l)e worth ten times its cost. 

The same argument ap])lies to all processes in the field. 

10. Education on the Work. As a general thing, men who take 
money for their lalH)r are more than willing to deliver a Mjuare d«d to 
their employer; and it will almost invariably be found that the mor<* 
familiar a man is with the difficulties and j^ossibilities of his fellow- 
workmen, the more efficient he will be himself. For this reason it has 
l)een found highly sjitisfactorj', in some lines of work, to change the 
men aroun<l on the job. In a certiiin concrete building 12 stories high, 
the upper stories were built in a small fraction of the time r(»<|uirtNl 
for the corres[)on<ling lower stories. The greater ]>art of the extnionli- 
luiry incrwise in efficiency was attributinl to the fact that the men were 
so wlucated that a man at the top of the building knew how the men 
at the mixer and in other j>arts of the job were <loing th<'ir work, and 
knew that the suiK»rintendent in charge was measuring th(» s|m'c<1 of 
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the <leliveries fnMii the hoist. The cHsaclvaiita<]^ of this method is 
tliat it takes a long time to work up the efficiency. It is, liowever, an 
admirable method for disciplining an organization. 

Discipline. To the practical man, or to the intelligent student, 
there seems to l^e no necessity for arguing in favor of disciplhic as an 
essential to economical field work. So large a percentage of contract 
work in the field is l>adly disciplined, and the general principles seem 
to \ye unknown to so many field organizations, that a brief statement 
of them a])pears to l>e calle<l for in this volume. 

By discipline is meant the cultivation of a spirit of: 

1. Co-oporation; 

2. Obpilionco; 

3. Responsibility; 

4. Personal loyalty. 

The subject will l)e discussed on the Ixisis of rcorganizafian of 
work', l>ecause here the chief difficulties are met. 

The thret» ty]x*s of organization that are most clearly defined in 
the way of discipline, are those of a military rtaturr, railroad work, 
an<l factory work. 

On constniction work, it is not feasible to introduce a militan- 
form of discipline. In tlie first place, the p<'naltics()f the inilitarv serv- 
ice are not pennissibU*; and in the second place it is not usually pmcti- 
cable to have so thorougli a system of distribution of responsibilitv; 
while in the thin! place the same men are not liere together for a loni^ 
enough j>eriod to make military discipline practicable. 

In railroad work a man is usually employed for a long term of 
years, but rather small piy, with a large chance of promotion. From 
the <lay of his initiation on the work, he is iinpresse<l profoundly witii 
the necessity of protecting lives and of keeping trains moving all the 
time; and, in a short time, he comes to the frame of mind in which his 
piy, his personal convenience, and his personal prejudice are sul)onli- 
nate interests. The initials of the superintendent on a little slip of 
]>jiper are sufficient to make him do almost anything within the limit 
of endnnincc; and, as a general thing, he does it Hugnulgingly (but 
not uncomplainingly), and with a cheerfulness that is in many respects 
astonishing. 

Such a degree of discipline is entirely feasible^ on any contract 
work of long duration, and it should 1h' obtaiiu^l if economy isdesiivd. 
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It is not possible to institute successfully nidical refonns and methods, 
without first securing good discipline on the work; and when work is 
badly disorganized, the discipline should l)e the first point of attack. 

It is necessar}' to have, first, a system of locating responsibility. 
If a dinkey becomes derailed, if the spacing of drill holes \ye errone- 
ously made, if a steam shovel l)e out of line, if the wrong methods of 
loading l)e pursued, if a pump be out of onler, if necessar}' material 
or supplies be wanting, if the pi|K\s freeze up, if, in short, one hundred 
and one little things happen that cause confusion on the work, it 
should be possible to find someone who, by some crime of omission or 
commission, is responsible for the trouble, and who can be made, in 
some degree at least, to l)ear the bnuit of it. The only man who 
seems destined to be entirely free from the ccmsequence of his mistakes, 
is the clerk of the Weather Bureau. 

The organizjition should be laid out from the bottom upward, 
rather than from the top downward. The lal)orer is res{X)nsible prac- 
tically for carr}nng out the instructions of his foreman to the satisfac- 
tion of his foreman and of no one else, an<l for this n*ason he should not 
work under the impression that anyone except his own foreman is 
likely to discharge him, to criticise him, or to praise him. If his fore- 
man \ye the right sort of man, the lalwrer, with his dozen associates, 
will have, l)esides the interests of the work at h(^rt, a strong feeling of 
personal loyalty to die foreman; and this feeling will l>e reciprocated 
by the foreman. If a foreman be noticed vigorously complaining 
that the men he has to deal with are inefficient, incompetent, and a 
disgrace to civilization comj)ared to the men he had to work with some 
years before, he may as a general thing l)e put down as a '^blow-hanl" 
and of little value to the organization. The most successful are 
usually the ones who are onlinarily quiet, cool under emergency, and 
yet of sufficient <letennination to inspire among the men a wholesome 
respect for them. A man who loses his tempT on the work for any rea- 
son, does not, as a general thing, make a good foreman or sui)erin- 
tendent. 

The relations obtaining l>etween the men and their foreman, 
should ol)tiiin to a more marked degree l)etween the foreman and their 
superintendent. Briefly stated, everj- man on the job should have 
to look for onlers from one man and only one man; and he should be 
resjionsible to tha t man for the sjitisfactorj' perfonnance of those onleis. 
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Conflicting onlers can.l)e avoided only hv systematic compliance 
with the nde just al)ove outlined. 

It sometimes happens after periods of financial depression, or as 
a result of special conditions, that it is feasible to reduce the pay of a 
good many men on the work. This should always be done with great 
care and after an intimate knowledge has been obtained of the per- 
sonalities of the men affected. As a general thing, if you cut down a 
man's pay 10 per cent, you will cut down the work 20 per cent, at least 
for a time; and it frequently happens that after such a pay reduction, 
small, petty depredations on the work are committed. Articles get 
stolen; machinery is damaged by "sore heads." It is usually unwise 
to reduce the pay of a few men. As a general policy, where a small 
percentage of the working force is to be affected, it is better to dis- 
charge a few men outright, and endeavor by economic methods to 
increase the output of the others. 

Differential |>ay is a prolific source of trouble, and it is very com- 
mon. By this is meant the payment to different men of different rates 
for the performance of the same work. The men who obtain the less 
pay think that their j>ay ought to be raised ; and the man who gets the 
most ]xiy can in no probability appreciate the fact that he may be 
over-paid. Rather than cut his pt\y down, it is well, if possible, to 
put him at some other class of work. 

It is often necesstiry for economical reasons to place men who 
have been ])ai(l i)y tlie month, upon an hourly Ixisis; and even when 
by this they average rather more than they fonnerly received, it iLsually 
causes discontentment. A man likes to know how he is coming out at 
the end of tlie month regjiniless of tlie weather, and it is an additional 
source of anxiety to him not to know what his piy envelope will con- 
tain. ^Mien he keeps his own reconl of the hours w^orked,he is likelv 
to (lisiigree with the time-keeper, and this can lead to a good deal of 
(lisiifTection and dissiitisfaction. 

A frecjuent cause of disiifft^tion on work is due to the habit t(K> 
often indulgt^l in by time-keepers, of gossiping with the men. The 
timc^keeper ancl the storekeeper necessiirily come into contact with a 
very large ])ercentag(» of the men evers^ day; and if the timc-k(»ej>er 
pjirticularly be disposed to gossip, he has abundant opportunity to 
grjitify his desire, and can prcnhice a great deal of trouble. For this 
rejison the general chanu'ter of the time-keeper should be carefully 
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scrutinized l>efore employing him; and he should be cautious, when 
making his rounds, to confine himself strictly to business. If the men 
on the job know as much about the work as the (leneml Manager, if 
they know all the ins and outs and ups ami downs of the contract, 
they necessarily <liscuss it among themselves, and a great deal of r(\st- 
lessness is pnxluced, which is very difficult to stamp out, l)ecause, by 
the time it has reached a pn)nounced stage, the men have learneil so 
much alM)ut the j)oHtics, as it were, of the job, as to interfere with the 
discipline. 

If there Iw dissensicms at head(|uarters, if the |Kii*tics tluit (rontn)l 
the work are at war, an<l if the metlunls and i>erfonnance of the mana- 
ger or sui)erintendent be not absolutely satisfactory to every one of the 
officials, nothing can be worse than to let a suspicion of this matter 
get artnmd among the men. How a general manager or superin- 
tendent can prevent this, if an officer be disposed to talk, is a problem 
thsit no attempt will here l)e made to solve. In reorganization, such a 
condition is one for which the manager should be continually on the 
alert, and he is advised to be suspicious of the time-keeper and store- 
keeper. 

Labor-Saving Devices Involving Plant. If the men are in a rea- 
sonably good state of discipline, it is feasible to make changes in the 
layout involving special apparatus or plant; and in deciding upon such 
measures, a question arises as to how much money it is justifiid)le to 
spend for a new plant. A piece of work under reorganization is onli- 
narily a piece of work tliat is more or less in financial difficulties, and 
the purchase of plant for the economizing of the work is usually looked 
upon by the officers as a dangerous move. Particularly is this the case 
when any changes of this kind turn out to Ik» unsuccessful. A small 
amount of money wastetl on speciid a[)panitus is always in sight — at 
the scrap heap, if nowhere else — whereas a good deid of money wasted 
in fniitless lalx>r can be easily lost. 

If the amount of siiving on a certain o|)erdtion by the inst^dlation 
of special material l)e sufficient to jxiy for this material in a few weeks, 
thcpuR'haseof the material am l>eimmc<liately justific<l,and the cost 
of the apparatus can Ix; chargtil as current cxpcnscn to l)e shortly 
recovered in the economy of the work. Where ex]>ensive and heavy 
machinery is to l>e installed, however, the matter shoul<l l)e gone into 
with the greatest care and detiil. 
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A few of the articles which come within the class chargeable to 
current expenses ^ are: 

1. The use of water jets for increasing the speed of drilling in soft 
rock. 

2. The use of hickory wands for stirring up sludge in drill holes, and 
increasing the speed of drilling. 

3. The use of special explosives and good exploding machines, and of 
loading tubes for blasting. 

4. Small grading machines for spreading earth and macadam. 

5. Special wheelbarrows or carts for moving material. 

6. Special small tools for the blacksmith, including a trough in which 
he can set his bits to be hardened, with the points in the water. 

7. A sufficient supply of picks and shovels. 

Some of the items of plant that may be classed in the other cate- 
gory, are: 

1. Special wagons and scrapers for hauling earth. 

2. Concrete mixers especially adapted to the work in hand. 

3. Derricks. 

4. Locomotive cranes. 

5. Cableways. 

G. Bit-sharpening machines. 

Labor-Saving Devices Involving No Plant, \\1iere the labor 
prcjxiratorv to iiitrcxlucin«]j the improved inetluxls is considered, it 
sliouM he inkvn as e(|iiivalcnt to a plant charge as affecting the 
interest of tlie contractor. If, for example, it has been the practice 
to drill and blast imnuxliatelv in front of a steam shovel on rock exca- 

ft' 

vation, and it is desired to have the drilling and blasting so far ahead 
of the shovel as to avoid the (K'casional necessity of holding up the 
shovel, the money involvtnl in the work done ahead should be consid- 
erixi in the nature of a temporary investment and charged to money 
expended on plant which will not come Iwick for a period of perhaps 
one month. 

A steam-shovel crew has a good deal more pride in its work, and 
will continue working under more disagreeable weather conditions, 
than a drilling gang; and when drilling in front of a shovel, severe 
weather conditions may cause the drilling work to stop without inter- 
nipting the operation of the shovel. If, then, the drills are working 
too close to the shovel, the shovel may catch them. 

On the other hand, it is unwise to blast far ahead of the shovel, 
for a nund>er of reasons. In the first place, there is no advantage in 
investing money in drill holes, except to avoid such a contingency as 
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outlined above. In the second place, it is impossible to tell how effect- 
ive the blasting has been until the shovel has attacked the broken rock; 
and if the blasting is done far ahead of the shovel, poor blasting may go 
undetected until an immense amount of financial damage has been 
done. 

To cite a specific instance — On a recent piece of important work, 
a cut several hundred feet long was drilled to a depth of supposedly 
fourteen feet, and blasted with more or less unsatisfactory results. 
The steam shovel was then put in, and excavated to a depth of five or 
six feet. The subsequent cut of from eight to nine feet deep had to 
be entirely renlrilled and re-blasted. The drilling in the already 
partly broken rock was immensely difficult, the drills sticking a great 
dejil and a good many of the holes having to be almndoned; while the 
blasting was unsatisfactory because of the fissures. 

The rapid reorganization of work can be furthered by the issuance 
of special instructions to joremen in the field. This practice has been 
admirably followed by Frank B. Gilbreth, and is described in his 
"Field System." As illustrations of such orders, are the following 
to drill and blasting foremen, issued on some recent work: 

INSTRUCTIONS TO FOREMEN 

Rules for Duillinq — 

Drill foremen are requested to do their utmost to enforce the fol- 
lowing rules for drilling: 

1. Each drill at the beginning of a hole is to be supplied with a 
complete set of sharp bits and a pump, which will be laid alongside of the 
drill tripod by the drill tender, under the directions of the foreman. 

2. As soon as a hole is finished, one of the muckers at the direc- 
tion of the foreman will assist the two drill runners to move the tripod; 
and the nuicker under the direction of the foreman will then pump out 
the hole that has just been completed. 

3. The foreman will then personally, with a wooden rod, measure 
the depth of the hole, and punch said depth on the drillers' card, the nuicker 
placing a well-made round plug in the hole and hammering it home. 

4. Foremen will see that the drills are so distributed as to keep them 
as near as possible to the manifold, from which the steam supply is taken. 

5. Pipe connections are to be made by a pipe-fitter who will be as- 
signed to each drill gang, and who may be assisted by the foreman and by 
a mucker when necessary. No pipe-fitting is to be done by drill runners 
or helpers unless absolutely necessary. 

6. The time for drilling is from 8 a. m. until noon, and from 12.30 until 
4.30 p. M.; and the moving of the dinkey supplying the drills with steam 
is never to be done within those hours, unless absolutely necessary, and 
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when it is necessary, a note to that effect must be made on the quarry 
card. 

7. Whenever for any reason the* drills are out of steam, the drill fore- 
man will indicute the time when the steam pressure failed and the time 
when pressure was again turned on, with a reason why the pressure gave out. 
This to he writt<;n on the (juarry card. 

8. FortMneu will see that each drill is in proper working order, and 
supplieil with an exhaust pii)e of the proper length and with a throttle. 
Whenever for any reason a <lrill is not in perfect condition, the foreman will 
imniediutoly rcix)rt it and make requisition through the storekeeper for 
the necessiiry parts and repairs. 

The attention of all concerned is particularly called to these rules, the 

enforcement of which is essential to the economic performance of the work; 

and all concerned are particularly urged to make a most earnest effort to 

w»e that, as far as it is possible, every drill on the work shall be in actual 

ojKTation for 8 hours on every working day. 

By onler of, 

Richard T. Dana, Ceneral Manager. 

INSTRUCTIONS TO FOREMEN 

Rtflks fok thk (JriDANCK OF Blasting Forkmkn — 

Blasting foremen are requested to do their utmost to enforce the fol- 
lowing rules for the conduct of blasting o|)erations: 

1. Attention is called to the fact that dynamite will freeze in about 
45® temiKTaturo, an<l that at this temperature, a little above or a Httle 
below, dynamite is exceedingly sensitive to shocks, and should be handled 
acconlinjrly. 

!2. Wliciiovcr a i)art of llic charge in a hole has been exploded, leaving 
any iiiu*\|>1(>«1(m1 (IvTianiitt; in tlie lu)l<«, <l() not under any circumstanecvs 
blow out tlic nncxplodrd dynainite with a steam jet. You may, however, 
put a stick of (lyuainitc <lowu into the hole on top of the uirexploded pow- 
der au<l endeavor to fire tlu? entire hole in tin's manner. 

.'i. The ])lastin«^ foreman will provide himself with a measured wooden 
rod for tanij>iMir, and ])ersonaHy see that every hole that is loaded is down 
to grade. If he sliould find any hole that is not down to gnide, he will 
immediately report tlie fact to the superintendent or assistant superintendent 
on tlie work, and ni:ik(» a note of th<' same on his time-card. 

1. Tlie attention (tf the foreman is called to the fact that dynamite 
is not as efhcient in a liole full of wat(T as it is in a dry hole, and every 
effort should l>e made to load the holes as <lry as possible. 

.'). Tlie tamping of tlie holes should be of the heaviest and stickiest 
clay tliat can be o])tained, and this tampiiiij should extend the entire length 
of the hole above the powder. 

ti. Never thaw dynamite in front of tlie fire, or on a hot stone re- 
moved from a fire, or by piling sticks in a boiler or in an oven. 

Uy order of, 

Rkmiaki) T. Dana, Cleneral Manager. 

Ill liiiulin^oartli, the princi})al elements of team expense are the 
time to lianl and the standing still to load. This last item can be very 
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materially reduced by the simple expedient of having on the work an 
extra wagon or two. A team can be changed from one wagon to an- 
other in about one and a-half minutes, and the same number of teams 
on a short haul will do easily 15 per cent more work by this trick. 

The same principle applies to the mbcing of concrete involving 
extra wheelbarrows; and here it may be mentioned that the arrange- 
ment of the concrete platform is seldom economical. The men, if 
left to themselves, will usually not have sufficient runways, so that a 
man witli a loaded wheelbarrow will be painfully struggling up a plank, 
while a man with an empty whecllxirrow is waiting for him to get out 
of the way. Much can \ye accomplished by having the men move in 
procession so that no man with a wheellmrrow will ever have to stand 
and wait for another man to get out of his way. Of course the ideal 
method of handling concrete into a mixer is to do it from bins with 
chutes; but the great majority of this class of work is not done in this 
manner. 

On contract work, the emergency charges for the moving of plant 
are usually considerably higher than they ought to be, owing to the fact 
that the work is done by men who are not especially skilful in this kind 
of work. The direction of these processes should be given to a man 
who is especially good at it; and the work shoukl be provided with a 
good supply of gin poles, snatch blocks, tiickle, etc. 

If a piece of work has been under personal obser\-ation for con- 
siderable time, a great many sources of improvement in the perfonn- 
ance can be detected that are entirely inadvisable upon casual inspec- 
tion ; and the student of economics is urge<l to devote a large amount of 
time to tlie most careful and complete study of minor and apjmrently 
trivial operations. Too much resj)ect is usually given to established 
methods, just because they are establishal methods; and the analysis 
of a process that is apparently simple and of minor imjx)rtance, but 
which is repeated scores of times in a day, is nearly always given too 
little importance as compared with the process that is elaborate and 
complic^atal , and which may in itself be of great im jK)rtance, but which, 
on the particular work at haiiil, is dependent uj)on apj)art»ntly minor 
processes. To illustrate — A shovel, loading eight or nine thousand 
yards of rock per month, was inspected; and the first impression 
obtained was that the reason the shovel output was so small was be- 
cause of the inefficient layout of the shovel work itself. It was found. 
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however, that the shovel was actually able to work a good deal faster 
than the drilb and the blasting could provide broken rock for it; and 
the ultimate solution of the problem was found in the reorganizing of 
the drilling, in order to do more work with the same number of drills, 
and in the use of improved methods in blasting. The handling of the 
shovel took care of itself as soon as the other problems were solved. 

The cost of spreading broken macadam on a roa<l, to the average 
contractor, is not far from 12 cents per cubic j'ard; and the work is 
done with shovels and forks. This method is one that has been pur- 
suetl for a great many years; and there are verj' few contractors who 
realize that it is exceedingly expensive. Some contractors, however, 
areiloing work of this kind with the aid of a road machine that recjuires 
for its oj>eration two or tliree men and four horses. A small grader 
machine that c^jin be operated by one man and two horses for rough 
sprt^ading. assistetl by one man on the ground with a potato hook, 
has inxm known to do this work for alK)ut 2 cents or less per cubic yanl. 

In bridge-erecting work, a great deal of money can be sjived over 
onlinarj* methcxls by the designing of special tools, such as dolly Iwirs; 
and a gcKxl system of kei*])ingdetaileil cost on such work will be sure to 
nvsult advaiitagtM>usly. Much labor is lost in the erecting of roof 
trusses and in the erection of tnisses in general, by cnide and old- 
fashionecl methods. The pneumatic riveter which strikes a great 
many light blows per minute has revolutioniztxl field riveting; but the 
use of such a machine for cutting rivets 1ms been misuccessful in coni- 
pelilion with hand labor on at least one large piece of work in New 
York ('it v. 

« 

In iwinling, considerable time is onlinarily lost by tlie painters 
in pre|xiring their own staging. Wlienever jM)ssil)]e, these prepani- 
tions should be done for them under tlie directicm of a skilled man; 
and the use of small wenches on the staging whereby the painters 'can 
(piickly raise and lower themselves, has been found of great value. 

On contract work, the blacksmith is in a ]K)sition peculiar to him- 
self. He is classcxl as an expert, piiid by the month, and is supposes! 
somehow to get all the work done that comes to him. He has genenil 
charge of his dejmrtment, and he ^iHs very few onlers and practically 
no instruction from the superintendent or manager. He is nearly 
always an interesting personality, and, outside of a very linn'te<l field, 
extraonlinarily ignorant. The excuse on a great deal of uneconomical 
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work is that it is impossible to get a competent blacksmith who knows 
how to do the work that he is called upon to perform. Tools will not 
hold their edge, or they break. Upon the matter being referred to the 
blacksmith, he will usually come back with a complaint about his coal, 
or the grade of steel with which he is supplied, or his tempering solu- 
tion, or the condition of his forge. He should be provided with a thor- 
oughly good set of tools, and the superintendent should know that his 
tools are of the best. He should next be carefully and thoroughly 
instructed as to how to harden and temper steel. A convenient shop 
for the blacksmith, and proper methods of forging and tempering, will 
add incalculable value to the organization. 

Introduction of New Methods. It should be adopted^^as a car- 
dinal principle, that there are no methods in the field which are not cap- 
able of improvement along the line of economy; and it should be re- 
memberwl that a very small improvement in any one method is 
invariably worth a great dral of thought an<l time in arriving at it. 
The systematic perusiil of the proceedings of the engineering societies 
and the engineering press, will result in the suggestion of new and 
improved methods and of a good many bad and unimproved meth- 
ods; and the trained exjxTt should be able to sift the wheat from the 
chaff, and apply only such as will fit his special needs. 

The literature of shop development and shop economics is rich 
in illustrations and suggestions that can be adapted to field work, and 
should be gone over very carefully for this pur]K)se. In this con- 
nection it should l)e urgtnl that it is a duty of a professional man to 
publish new methods. There is no room for argument on the pro|x)- 
sition that the principle of free trade showing the other fellow two 
blades of grass growing where one grew before is an advantiige to all 
concenied. 

Design of New Methods. \Vlien there is crying need for iniprove<l 
methods in the field on account of spec!ial necessity, it behooves the 
man in charge to invent improved methods and design iinprovwl 
apparatus. The cardinal elements of such design include the 
following: 

1. Simplicity. 

2. Low first cost, so that if the exiK'rinioiit is not snccossful, nothing 
will \m lost. 

'A. The use of standard sizes of material. 
4. (lenerality of application. 
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Wlienever possible, a new method or a new machine should be 
so constructed as to apply to as large a proj)ortion of the whole 
work as possible, and every effort should be made toward the stand- 
ardization of materials and apparatus. 

In attempting work in blasting, it should be rememberetl that the 
use of new and untried explosives is attended with peculiar dangers. 
The men are familiar with the use of the standanl grades of powder; 
and while they are ignorant of how dangerous it is to take liberties 
with ilynainite, they are at a great disaih'antage when a new explosive 
is given to them for trial. If it looks like dynamite and is exphxled 
with the ordinary detonating cap. its peculiarities do not receive 
much attention. 

Men in the fiekl are instinctively opjx)s«l to new ideas, and it 
will invariably Ik* found that new metliods meet with stubborn opposi- 
tion. A foreman to whom a new method is suggested will not expect 
it to be successful, particularly if he has ever heard it condemned ; 
and it always seems as if the thought were father to the wish, for, when 
onlered to try it in the fiekl, if he dm make it fail, he will do so with 
uncrruig accuracy. As a general thing, however, when it is success- 
fully demonstrati'<l, he will l>ecome a loyal supporter of it. In pre- 
.stMitin<^ a now nictluKl to a foreman or superintendent, it is well not 
to encourage the niising of objections. It is better to let the objections 
raise themselves in the application of the pnKTss; and a man who has 
not gone on record as saying that in his opinion a new scheme 
is no gocnl, is a much more loyal supporter of the new scheme 
than whrn he has committed himself agjiinst it. 

One of the difficulties in iniprovmg the efHciency of work, is 
the extraonlinarily ingenious line of excuses that the men will present 
for not getting tiieir work done properly. Of these, perhaps the most 
hard -worked is that of ini|)roper and insufficient material. \\Tien 
a man is berated for poor work, and presents the argument that he 
was iniai)l(' to do so and so because he ordered material for it several 
weeks previously and tiie material has not yet arrived, the situation is 
embarrassing. The best preventive of this is to have small recpiisition 
blaidvs measuring about 2^ l)y 4], inches, made up into pads of about 
fifty each, and to give each foreman a jxid. Each blank should have 
a spiice for tiie (hite, tiie articles ordertxl, the time when the article is 
netxh^l, the pirticnlar j)art of the work where the article is needed. 
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the class of work for which the article is needed, an<l the fore- 
man's name. The foreman should then he instructed that material 
will be purchaseil through the storekeeper, and that non-delivery 
of material will not be accepted as an excuse. The storekeeper 
should then go around a job at least once a day, and get from the 
foremen their requisition slips; and an intelligent storekeeper will see 
to it that useless and unnecessary material or superfluous material 
is not ordered. Material that is ordered on requisition, and is not in 
the storehouse, should l)e purchased if necessary on a rush order, 
because, contrary to the ordinary apparent belief, it is economical to 
spend a dollar for material in order to save two dollars in labor. 

The Field Layout. In laying out the plan of campaign on starting 
a new piece of work, it is important to consider the proposition from 
the capitalization end, as well as from that of pure construction. It 
is usually not appreciated by the engineer or the owner, that the con- 
tractor is doing a piece of delicate financiering, for the performance 
of which his own available money is usually inade(|uate, and that he 
is therefore obliged to borrow money on the work as it goes along, 
and to depend upon his monthly estimates. It is sometimes specified 
in the contract, that the contractor shall own all of his plant in fee, but 
it may be said that this arrangement is seldom lived up to. He can 
in addition nearlv alwavs l)orrow^ the amount of his pav-roll a month 
in advance, from his bank. lie can also sometimes borrow money, 
giving as security his interest in the money retained on the contract, 
which is onlinarily something like 10 per cent. Therefore, pi*ovi<h^l 
that all goes well, if he gets his estimates when they are due, if his pay- 
roll is not more than the amount of his monthlv estimate, Jind if no 
very large and disiistrous contingencies interfere with tlie progress of 
the work, the contractor can swing a large piece of work with a com- 
jxaratively small capital. If, however, things do not go well; if, 
through the failure of the owner's engineer, or through the insolvency 
of the owner, or through liens and attiichinents u]K)n the work brought 
by dissatisfied creditors, the contnictor does not receive his monthlv 
estimates on time; if, in onler successfully to prosecute the work, it is 
necessjirv for him to buv a lar<]je amount of additional machiner\' at a 
time when ])ayments on old n'lachinery are<lue; or if the portion of 
the work that he is doing is bringing him in less than the amount of 
his ]>ay-roll an<l innntiiiate materials an<l su|>pli«*s, unh\ss he has a 
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larfije capitiil \)nvk of him, which capital is at once availal>le, he is 
liable to l>e pla(*e<l in an exct*e<lingly enil)arrassing position. At such 
a time, if there shoukl come a period of financial stringency, l)ank- 
niptcy may stare him in the face, even though he has at the same time 
a contract on which he can l)e reasonably sure of making a large profit. 

It is therefore of great importance that the work be prosecute*! 
in such a manner as to have a continuous running profit, if possible. 
A contractor mav turn in what is known as an unbalanced bid. In 
that event it will l>e verj' easy for him to start a certain portion of the 
work uixin which he will lose money before he reaches the portion 
on which he expects to make money. Unless, as alK)ve indicated, the 
contnictor is ])rovi<letl with a large fund for contingencies, gr«it care 
should l>e taken to avoi<l this. The nature of unbalanced bids will l>e 
explainwl l)elow. 

As a csise in point, on a certain contract involving over a million 
dollars, the com]>any that was organizal to conduct the work was 
pn)vi<le<l with a small working capital, lx)ught its plant on a time 
Imsis, and procee<l«l with a small working capitiil, under the impression 
that it would not Ix* necessary' to Iwrrow any money, that the work 
imim»<liately coninienct^l would lie sufficient to pay all the expenses and 
leave a profit, which profit would gradually accumulate and enable a 
running fund to 1h» maintaint^l which would tiiko care of future con- 
tiiigcucics. The idea was admirable. It happened that the work 
was in earth and rock excavation also known as imcla.salfrd, and was 
taken at a price which would admit of a large j)rofit in any event. The 
rock work, if taken economically, would cost more than the contract 
price; the earth work, if taken economicallv, would cost considerablv 
less than the contnict price. The original j)lan contemplatt^l starting 
the earth excavation at a point to which another contractor was to 
excavate, and it was not deenuHl feasible to commence the (*arth 
excavation until the other contractor had cut up to the line between 
the two contr.H'ts. DependcJice was placc^l upon the other contractor 
doing his work on time, which he did not do; and it was then decideil 
that it would be impnicticable to commence in the earth, and work was 
acconlingly coinmenc(^l in rock, which work was conducted atacon- 
sidenible loss. The strong financial position of the contracting companv 
was the only thing that prevented it from going to the wall with a most 
excellent contract j){irtly complete<l and a lot of good money tied up. 
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We shall Jissunie, for purposes of illustration, th.it a certain eon- 
tractor desires to hid on some puhlie work involving the removal of 
1(X),0(X) cubic yards of eardi work and 50,000 cubic yanls of rock 
work. He estimates that he can do the earth work for 30 cents per 
cubic yanl, or $30,000, and rock work for 80 cents per cubic yard, or 
$40,000, makin^r a total of $70,000 for the entire 150,000 yards, or 
40.00 cents per yanl for an average of the earth and rock; and he puts 
in his bid at this figure. 

If the contract has been obtained as one of the Erie Barge Canal 
contracts, the work will be let unclassified, as it is cjilled. By this 
is meant that no discrimination in monthly estimates w^ill be made 
between nxk and earth removed; that the earth and nK'k removed 
will be measurwl in excavation, and the contractor will be jKiid for 
these two materials indiscriminate! v. Now, we sliall assume that he 
can make a profit of 4 cents per yard on the earth, and 10 cents per 
yanl on the nu'k, so that his total profit on the contract will l)e $9,000. 
Acconling to the terms of his contnict, he will \>e paid on the monthly 
estimates 4().00 cents per yanl removed, less 10 per cent — or 42 cents, 
the 10 per cent being retained until the completion of the contract. 

Sup|)ose, now, that he starts in on the rock, and he excjivates 
the 5(),0(X) vanls at a cost to him of $35,0(X).00 for which he will 
receive 42 cents j^er yanl, or $21,000.00. He will then In* out of 
jxK'ket $14,00().(K); but there will be coming to him as held by the 
State $2,333.33. 

Before he can l)egin to **see daylight*' on his contract, he must 
pnx'eeil to excavate earth until he has made up the $14,0(X).(X). lie 
gets 42 cents in cash, and it costs him 20 cents, so that he must exca- 
vate 87,r)00 yanls of earth, for which he will get the $14,0(X).(K), and 
he will have held up $4,083.33 additional. There will then be remaining 
12,5(K) yanls to be excavated on which he will get $5,250.00, with . 
$583.33 held Imck. He will have been obliged to do 91 J |)er cent 
of his contract before* he stops putting money into it; and the money 
that he has put into it he will not l)e able to draw interest (m, Ix^cause 
he will not be drawing interest on the 10 per cent retain«l. The 
amount of money that he had to put up to cover shortage on his con- 
tract will have been $14,0(X).00, on which he will have to ))ay interest 
to his Imnk. If, on the other hand, he commences the earthwork 
first, he does 100,(XX) yanls of t»arthwork, costing him 2() cents, on 
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which he gets Ixick immediately 42 cents, and he has $10,000 for 
working C3i[)ital, in addition to $4,0G().()r) hekl up. He then does the 
HK^k work, and the rock work never exiiausts his capital, and he 
has no interest to pay except on his plant, which he can easily do 
out of his $16,000. 

This is not only a practical problem in how to handle a contract 
without being wiped out financially, but it is an exceedingly impor- 
tant one as defining where the ultimate success in the operation lies. 
It can readily be seen that when a contract is taken on close figures, the 
entire success of the financial operation will depend upon the proper 
lavout, as indicated alK)ve. 

Unbalanced Bids. We shall assume again, for purposes of illus- 
tration, that a certain contractor desires to bid on some public work 
involving the removal of 100,000 cubic yartls of earthwork and 50,000 
cubic yanls of nx^k work. He estimates that he can do the earthw^ork 
at a profit for 30 cents per cubic yard, or $30,000; and rock work 
for SO cents [xt cubic yanl, or $40,000. If the work in the above 
example were classified^ and the contractor were paid so much money 
for each van! of rock and so much mon^y for each yard of earth 
cxcavattxl, and his hid read SO cents for rock and 30 cents for earth, 
it would he siud tohv II haloncrd hid. Other contractors, seeing his 
bid. would know that he considcn^I that he could do the rock work at 
a profit at SO cents, and earthwork at a profit at 30 cents. In 
order to pnn-ent them from ol)t:»inipg this information, the con- 
tnietor can unhalnnrc his bid, as it istenne<l; and in this event lie 
would bid perhaps as follows- iianieiy, 100,000 yanls of earth at 40 
cents, orSIO.OOO; luid :)(),()()() vanis of rock at (k) cents, or )?30,(K)0. 
The total amount of this contract woul<l be the same, and he 
would make the siune profit; but his competitors would be dcceivinl 
as to his basis of tloing work. 

The (lisidvantat^e of this from the contractor's jx)int of view is 
that, in the event of an error havinji; been made in an estimate of 
(|uantity, lie ?nii;lit find himself (loin<^ less than 1()(),0()0 yards of earth 
and more than .")().()()() vanIs of rock, in which event he would stiind 
to l(»se nionev. 

« 

Material Supply. In concrete work particularly, it is all-imj)or- 
tant that material ^'cment, sand, and stone — be promptly shi|)|M»<l, 
and at the siinie time not too promptly shi|)p(Hl. If the shijmients 
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are not promptly made, there will be a failure of material to arrive, 
which will throw the men out of work, with all that this implies in high 
costs. If the materia] is shipped too rapidly, it will be necessary either 
to unload it into a stock pile, which will involve the re-handling of the 
material; or to pay demurrage charges to the railroad company, if 
the shipments are made by rail. 

In such work, at a time when there is likely to be any freight con- 
gestion in the country, stock-pile facilities should be provided to care 
for a supply of material to carry the work for one to two weeks. 

On a piece of work involving, say, two large concrete mixers ca- 
pable of mixing 300 yanls of material each per day, there will be used 
900 yards of stone and sand per day, which, on a ten-day basis, will 
mean a very respectable stock pile. This 9,000 yards of material, 
costing perhaps one dollar per yard, means an investment of $9,000 in 
stock pile, on which interest must be paid at the rate of, say, 6 per cent, 
or $2.00 perworking day,iwhich means a[trivial item compared with the 
advantages derived from having a constant supply of material. The 
totiil cost of this stock pile as against no stock pile' at all, is the cost of 
one re-handling of material out of the stock pile, which at 5 cents per 
yard would be $450. This amount is very much less than the damage 
that would accrue from not having any stock pile at all. On most 
concrete jobs, there is usually provided a large storehouse for cement; 
and when the work has to go over from one.working season to another, 
it is frecjuently the custom to leave the cement in storage. This is 
fre^juently a cause of loss of money, because the cement, being hydro- 
scopic, absorbs moisture from the atmosphere, and is liable to spoil in 
consequence. This can be avoided by keeping the storehouse drj' 
and warm through the winter, but this again is an expensive matter. 

Old versus New Machinery. In planning construction work, the 
question always comes up as to whether to use okl or new machinery. 
No hanl and fast rule can be prescribed. A case occurred upon an 
important contract where there were needed some new boiler tubes 
for the lx)iler that ran the main supply pump. The purchasing agent 
of the contracting company, who happened also to l)e the President 
and Chief Engineer of the company, bought some second-hand boiler 
tubes, which were forthwith put into this boiler. The saving on the 
boiler tulres was pn)l)ably $<S or $10. The loss caused by a breakdown 
of the siime boiler was nearly $oO. In purchasing second-hand 
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material, if the material can be thoroughly and rigidly inspected, it 
is perhaps wise to purchase it, and sometimes money can be saved ; 
but as a general proposition, no second-hand material should be 
purchased for a contract, unless it is done with the determination of 
putting this material in first-class condition before it is used. The 
best inspection, as a general thing, will not disclose the exact con- 
dition of old material. Bv this it is not meant to intimate that new 
material should be purchased for every new contract. 

Use of Maps. A precaution on construction work that is very 
seldom taken by contractors generally, and one that is a most certain 
saver of money, is to have a complete map of the work to a large scale 
carefully prepared, on which should be indicated day by day the prog- 
ress of the work. This map, if kept up to date, will enable the 
manager of a c^ompany, or the president and directors, to know in 
detail the progress of the work, without necessarily going out on the 
work; and from it can l>e found the quantities of needed materials, 
such as rail, pipe, etc. 

standard Instructions. Everj^ organization doing field work 
would do well to follow the custom admirably illustrated by Frank B. 
Gilbreth, of issuing regular standard instructions to foremen and to 
emplovees generally. These instructions have been puhlisheil in 
hook fonn by the Myron (\ Clark Publishing Com|){iny, and are an 
admirable example of the type. The idea follows that of the old 
Railroad ('oinjKUiy's "Hook of Rules" that will tend towani evading 
similar accidents in the future. In this manner eventually a con- 
tractor can obtain a control of his orgjiniziition, and a freedom from 
accidents, that will be extremely valuable. 

Chronological Charts. These are intendtxl to show the })r(>- 
j)osed time of completion in certain |Kirts of the work. A valuable aid 
to a manager on work recjuirin^ a large amount of material, and where 
there is a small amount of available space, is a chart showing the tunc 
and (piantity of expected materials and supplies. This will enable 
him to see at a glance where he may expect to be in the matter of his 
materials, and will {vm\ to relieve his mind of one of its most annoying 
problems. These siime charts can also show him the estimated times 
of completion of certain parts of the work. 



KEVIEW QUESTIONS. 



PRACTICAL TEST QUESTIONS. 

In the foregoing sections of this Cyclopedia nu- 
merous illustrative examples are worked out in 
detail in order to show the application of the 
various methods and principles. Accompanying 
these are examples for practice which will aid the 
reader in fixing the principles in mind. 

In the following pages are given a larg** num- 
ber of test questions and problems which afford a 
valuable means of testing the reader's knowledge 
of the subjects treated. They will be found excel- 
lent practice for those preparing for Civil Service 
Examinations. In some cases numerical answers 

are given as a further aid in this work. 
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RKVIEW QUESTIONS 

ON" THK SUnJElOT OF 

STREXOTII OF MATERIALS. 

PART I. 



1. When a |.inch round rod eustains a pull of 10,000 
pounds, what is the value of the unit-tensile stress in the rod ? 

2. What do you understand by Hooke's Law ? 

3. What are the dimensions of a square white pine post, 
needed to support a steady load of G,500 pounds with a factor of 
safety of 8 ? 

4. How large a force is required to punch a 1-inch hole 
through a |-inch plate of wrought iron, if the ultimate shearing 
strength of the material is 40,000 pounds per square inch ? 

6. Compare the ultimate strengths of wood along and across 
the grain; also the ultimate tensile and compressive strengths of 
cast iron. 

6. Make a sketch of a beam 20 feet long resting on end 
supports, and represent loads of G,000, 3,000, 1,000, and 4,000 
pounds at points 2, 5, 11, and 10 feet from the left end, respect- 
ively. What is the value and sign of the moment of each of these 
loads about the iniddle of the beam ? Also about the left end ? 

7. A beam 15 feet long is supported at two points, 2 feet 
from the right end, and 8 feet from the left end. If the beam 
sustains a uniform load of 400 pounds per foot, what are the 
values of the reactions? 

8. Compute the values of the external sliear and bending 
moment for the loaded beam described in question 6, at sections 
1 4, 10, and 15 feet from the left end. 

9. Draw shear and moment dia^rrams to scale for the beam 
described in question 7. 

10. Suppose a T-bar 2 inches deep, has a flange 3 inches 
wide, and is ^ inch thick throughout. Locate the center of gravity 
by computation. 
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REX-IE^ir QtTESTIOXS 
STRENGTH OF MATERIALS. 

PAKT II. 



IL A c%z.tlK^tr htmx. C fart ia i»gili firojecls from a will 
ni F2fC&52;s &x tsjd jcmd of 9» posads. Tbe cnoss-secdon being 
s iai F^. 3^« £zid die grva^est tems2e izmI eompicsdve unit- 



s' Ax I-Iac4lz=. mgcgr.TT^g 9i> pociids per f<ioC, rests oo end 
ijfions 2d faK ajoTL I3 sKtiaa modiiliis is 20 A inches', and 
is vocki^^ «tr>ec4ri2i 1^XC«» paciitds per square inch. Cilcnlate 
mi^^i of Ae heain. 

S. A ir:»:or-- ItcAiii !-:» fre: ly-z^ -I X 1-1 inches in cross- 
secrirc FZi>tiiz-5 a !:iki of 4-*>X» ro'z^-ij? 5 fret fr>>ni one end, and 
!L,*y*' Tc-^i.l5 i: :lr" niii.r- i\ii.: -:e tie i:T>=atct?t unit shearing 



4- "VTli: I:* t::i t:ioT »>:•::: ridiiis of cprration? Give an 
exir.T'r. 

c. T.z.i the fftct>r of siJenr of a iI4-:nch SO-ponnd steel I- 
i«e«cn ir fre: I:ni:, ni^eJ as a £a: -ended column to sustain a load 
of 15C»J>>J pc.nnds- Xoie, — Use ^-Kankine's Formula." 

6. A stcr-I Z-bar is 20 fc^et loncj and has square ends; tho 
least radius of c^rration of its cross-section is 3.1 inches, and its 
zveA of cn>ss«section is 24.5 sqtiare inches. Calculate the safe load 
with a factor of safetr of 6. Xote, Use "Rankine's Formula.*' 

7. Make sketches of the followincr : 

Lap joint sintrle-riTeted; 

" *• double- riveted; 
Butt *• single-riveted; 

" " double-riveted. 
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GRAPHTCAT^ STATICS. 



1. Define concurrent and non-concurrent forces, equilibrant,. 
and resnitant. 

2. What do you understand by the "Triangle law ? " 

3. Determine the magnitude and direction of the resultant 
of the 400- and 800-pound forces of Fig. 47. 

4. Compute the magnitude and direction of the resultant 
of the 600- and 700-pound forces of Fig. 47. 



4ooIb8 




^doolbe. 



Soolbs-T^olbs. doolbs. 3oon>«. 

l-^g. 47. 

5. Determine the values of the horizontal and vertical com- 
pononts of the 700.pound force of Fig. 47. 

0. Determine the magnitude and direction of the resultant 
of the four forces acting through the center of Fig. 47 ; also of 
their equilibrant. 

7. Compute the resultant of the four parallel forces repre- 
sented in Fig. 47. 

8. Find the resultant of the 800-, 400., 500-, and 800- 
pound forces of Fig. 47. 

9. Suppose that the truss of Fig. 48 is one of several used 
to support a roof, the trusses being 16 feet a()art. What is the 
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probable weight of each ? What is the total roof load borne by 
each truss if the roofing weighs 18 pounds per sq. foot? 

10. What is the total snow load for the truss if the snow 
weighs 20 pounds per square foot (horizontal) ? 

11. Compute the total wind load for the truss of Question 
9, when the wind blows 75 miles per hour. 

12. Supposing that the right end of the truss of Fig. 48 
rests on rollers, and that the left end is fastened to its support, 
compute the values of the reactions (a) when the wind blows on the 
left ; (b) when it blows on the right, 90 miles per hour. 




Upper joints cqubJIy dlstft^m ^pbjrt. 

Fig. 48. 

13. Construct stress diagram for the truss of Fig. 48 for the 
following cases: 

(a) When sustaining dea<l load only as computed in answer 
to Question 0. 

(i) When sustaining wind j)ressure on the left, the truss 
being supported as described in Question 12. 

(^•) A\Tien sustaining wind pressure on the right, the truss 
being supported as described in Question 12. 

14. Make a complete record of the stresses as determined in 
answer to the preceding question for cases ^/, h and t*, and for 
snow load as computed in answer to Question 10. Compute from 
the record the value of the greatest stress which can come upon 
each member due to combinations of loads, assuminop that the 
wind and snow loads will not act at the same time. 

15. Suppose that the truss of Fig. 49 is one of several used 
to support a roof, the trusses being 12 feet apart. What is the 
probable weight of a truss and that of the roofing supported by 
one truss, if the roofing weighs 15 pounds ])er square foot ? 

16. Compute the apex loads for the truss of Fig, 49 for 
snow if it weighs 20 pounds per square foot (horizontal). 



REVIEW QUESTIONS 

ON THB 8UBJKCT OP 

ROOF TRUSSES 



1. Name and describe the three classes of roof trusses, and 
give a sketch of one truss of each class. 

2. Give a sketch of the Fink truss and the Modified Fink 
truss. 

3. Given W = J al (1 +-.^), compute the dead panel load 

of an eight-panel Fink truss of 80-foot span, if the distances between 
trusses is 20 feet and the roof covering is composed of corrugated steel. 

4. Tell how a felt and asphalt roof is made and laid. 

5. AMiat is a non-condensation roofing? 

6. Design the purlins if they are to be spaced 6 feei apart 
and the trusses are to be spaced 16 feet apart. They are to carry 40 
pounds per square foot of roof surface. 

7. Write one page on the economical pitch and spacing of roof 
trusses. 

8. If the trusses are of 80-foot span and are simced 20 feet 
center to center, and are eight-panel Fink, compute the stresses in the 
knee-braces if they join the columns 8 feet from the top. The 
columns are 25 feet long; the normal wind pressure on the roof is 12 
pounds; the pitch of the roof is }; the normal wind pressure on the 
side of the building is 25 pounds; and the columns are considered free. 

9. In the trusses of (jucstion S, above, compute the l>ending 
moment in the posts. 

10. If in question 8, above, the girts are placed 4 feet apart, 
design them. 
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ON THB SUBJHiOT OF 

COST-ANALYSIS ENGINEERING 



1. What IS the object of cost keeping and cost analysis? Of 
cost distribution? 

2. What is "costr' 

3. What five essentials must a cost-keeping system possess? 

4. What are overhead expensest 

5. What are the four most common ways of time-keeping? 
Give the liasis of each method. 

6. What are some of the difficulties that confront the time- 
keeper when taking time in the field? 

7. How is brickwork mcasiir(Hl? plastering? pavement? earth- 
work? 

8. What is a hojiwsf How may a bonus system be applied to 
construction work, and what are sonic of its advantages? 

{), Devise a method for measuring the work done by a steam 
shovel in each shift. Meth(xl to be oj>erated by an engineer or in- 
spector, and must be quick and easy. No instrument to be usecl. 

10. Ujx)n what is the payment of the contractor from time to 
time based? Does this always give the contractor all that is due him ? 

11. What is an wibalanred hidf Why are they sometimes 
used? What is the objection to them? 

12. What ad vantage can you see in process cost analysis? Make 
such analysis for erecting centering for concrete factory. 

13. Devise method for measuring brickwork so that work of 
each bricklayer can be detennined and credited to the right man. 
Do same for dimension stone work. 

14. What advantages are claimed for the piece-work system? 

15. What is an unclassified contract in excavation? 
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